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PREFACE

The O c c u p a t i o n a l  S a f e t y  and H e a l t h  A c t  o f  1970 ( P u b l i c  Law 91-596)  
s t a t e s  t h a t  the  p u r p o s e  o f  C o n g re s s  e x p r e s s e d  i n  t h e  A c t  i s  " t o  a s s u r e  so 
f a r  a s  p o s s i b l e  e v e r y  w o rk in g  man and woman i n  t h e  N a t i o n  s a f e  and h e a l t h f u l  
w o rk in g  c o n d i t i o n s  and to  p r e s e r v e  o u r  human r e s o u r c e s . . . b y , "  among o t h e r  
t h i n g s ,  " p r o v i d i n g  m e d i c a l  c r i t e r i a  w h ic h  w i l l  a s s u r e  i n s o f a r  a s  p r a c t i c a b l e  
t h a t  no employee  w i l l  s u f f e r  d i m i n i s h e d  h e a l t h ,  f u n c t i o n a l  c a p a c i t y ,  o r  l i f e  
e x p e c t a n c y  a s  a r e s u l t  of  h i s  work e x p e r i e n c e . "  L a t e r  i n  t h e  A c t ,  th e
N a t i o n a l  I n s t i t u t e  f o r  O c c u p a t i o n a l  S a f e t y  and H e a l t h  (NIOSH) i s  
s p e c i f i c a l l y  a u t h o r i z e d  to  " d e v e l o p  and e s t a b l i s h  recommended o c c u p a t i o n a l  
s a f e t y  and h e a l t h  s t a n d a r d s "  and t o  " c o n d u c t  such  r e s e a r c h  and  e x p e r i m e n t a l  
p rog ram s  a s . . . . a r e  n e c e s s a r y  f o r  th e  d e v e lo p m e n t  o f  c r i t e r i a  f o r  new and 
improved o c c u p a t i o n a l  s a f e t y  and h e a l t h  s t a n d a r d s . "

The I n s t i t u t e  r e s p o n d s  t o  t h e s e  m anda te s  by means o f  t h e  C r i t e r i a
Document .  The e s s e n t i a l  and d i s t i n g u i s h i n g  f e a t u r e  o f  a  C r i t e r i a  Document 
i s  t h a t  i t  recommends a s t a n d a r d  f o r  p r o m u l g a t i o n  by an  a p p r o p r i a t e
r e g u l a t o r y  body ,  u s u a l l y  t h e  O c c u p a t i o n a l  S a f e t y  and H e a l t h  A d m i n i s t r a t i o n
o r  th e  Mine S a f e t y  and H e a l t h  A d m i n i s t r a t i o n  o f  t h e  U. S.  D e p a r tm e n t  of  
L a b o r .

The d e v e lo p m e n t  o f  a C r i t e r i a  Document  e n t a i l s  a c r i t i c a l  e v a l u a t i o n  of  
a l l  a v a i l a b l e  s c i e n t i f i c  d a t a  p e r t i n e n t  t o  the  s u b j e c t ,  th e  w r i t i n g  o f  a 
d r a f t  C r i t e r i a  Document ,  a s y s t e m a t i c  e x t e r n a l  r e v i e w  o f  t h e  d r a f t  by
acknowle dged  e x p e r t s  i n  t h e  f i e l d ,  the  i n c o r p o r a t i o n  o f  t h e i r  r e l e v a n t
comments and s u g g e s t i o n s ,  a  r e v i e w  by th e  O f f i c e  o f  th e  D i r e c t o r  o f  NIOSH,
the  p r i n t i n g  o f  a f i n a l  v e r s i o n ,  and th e  d e l i v e r y  o f  t h e  C r i t e r i a  Document  
to  the  a p p r o p r i a t e  r e g u l a t o r y  body .  T h i s  p r o c e s s  i s  l e n g t h y  and the  t y p i c a l  
C r i t e r i a  Document  i s  u s u a l l y  two to  t h r e e  y e a r s  i n  t h e  making .

B ecause  t h e y  encompass  t h o r o u g h  s y s t e m a t i c  r e v i e w s  o f  a v a i l a b l e
i n f o r m a t i o n ,  C r i t e r i a  Documents  g e n e r a l l y  p ro v e  to  be o f  c o n s i d e r a b l e  
i n t e r e s t  and u t i l i t y  f a r  beyond th e  r e g u l a t o r y  p r o c e s s .  I n f o r m a t i o n  
c o n t a i n e d  i n  them i s  u s e f u l  to  b o t h  l a b o r  and management ,  and to  o f f i c i a l  
h e a l t h  a g e n c i e s  i n  r e d u c i n g  th e  h a z a r d s  o f  work .  M o re o v e r ,  t h e y  ha ve  p ro v e n  
u s e f u l  to  v o l u n t a r y  a g e n c i e s  s e e k i n g  to  a s s i s t  t h e s e  e f f o r t s ,  and to  
a c a d e m i c i a n s  i n s t r u c t i n g  s t u d e n t s  i n  p r i n c i p l e s  o f  o c c u p a t i o n a l  s a f e t y  and 
h e a l t h .  I t  i s  o u r  i n t e n t i o n  t h a t  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h e s e  
documents  be d i s s e m i n a t e d  a s  w i d e l y  a s  p o s s i b l e  among t h o s e  w i t h  a n eed  to  
know, i n  o r d e r  to  p r o t e c t  the  h e a l t h  and s a f e t y  o f  w o r k e r s .

I  am p l e a s e d  to  acknowledge  t h e  many c o n t r i b u t i o n s  to  t h i s  C r i t e r i a  
Document  on s t y r e n e  made by e x t e r n a l  c o n s u l t a n t s ;  r e p r e s e n t a t i v e s  o f  the  
U n i t e d  Rubber  Work ers  I n t e r n a t i o n a l  Union and the  O i l ,  C h e m ic a l ,  and Atomic 
Workers  I n t e r n a t i o n a l  Union;  r e v i e w e r s  s e l e c t e d  by The S o c i e t y  o f  
O c c u p a t i o n a l  and E n v i r o n m e n t a l  H e a l t h ,  t h e  American  O c c u p a t i o n a l  M e d ic a l  
A s s o c i a t i o n ,  t h e  S o c i e t y  o f  the  P l a s t i c s  I n d u s t r y ,  I n c . ,  and  th e  Chemical  
M a n u f a c t u r e r s  A s s o c i a t i o n ;  r e p r e s e n t a t i v e s  o f  o t h e r  f e d e r a l  a g e n c i e s ;  a n d ,  
o f  c o u r s e ,  the  s t a f f  of  the  I n s t i t u t e  ( a  l i s t  o f  c o n s u l t a n t s  and a g e n c i e s
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PREFACE (CONTINUED)

r e c e i v i n g  th e  d r a f t  Document  f o r  r e v i e w ,  a p p e a r s  on p a g e s  v i - v i i i ) .  
However,  r e s p o n s i b i l i t y  f o r  the  c o n c l u s i o n s  r e a c h e d  and th e  recom m enda t ions  
made,  b e l o n g s  s o l e l y  to  t h e  I n s t i t u t e .  A l l  comments by r e v i e w e r s ,  w h e t h e r  
o r  n o t  i n c o r p o r a t e d  i n t o  the  f i n a l  v e r s i o n ,  a r e  b e i n g  s e n t  w i t h  t h e  C r i t e r i a  
Document  to  t h e  O c c u p a t i o n a l  S a f e t y  and H e a l t h  A d m i n i s t r a t i o n  (OSHA) f o r  
c o n s i d e r a t i o n  i n  s t a n d a r d  s e t t i n g .

H. ( L o n d . )J
A s s i s t a n t  S u rg e o n  G e n e r a l  
D i r e c t o r ,  N a t i o n a l  I n s t i t u t e  f o r  

O c c u p a t i o n a l  S a f e t y  and H e a l t h
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I .  RECOMMENDATIONS FOR A STYRENE STANDARD

The N a t i o n a l  I n s t i t u t e  f o r  O c c u p a t i o n a l  S a f e t y  and  H e a l t h  (NIOSH) 
recommends t h a t  w o r k e r  e x p o s u r e  t o  s t y r e n e  i n  t h e  w o r k p l a c e  be c o n t r o l l e d  by 
c o m p l i a n c e  w i t h  the  f o l l o w i n g  s e c t i o n s .  These  re com m enda t ions  a r e  d e s i g n e d  
to  p r o t e c t  t h e  h e a l t h  and p r o v i d e  f o r  t h e  s a f e t y  o f  w o r k e r s  f o r  up to  a 
1 0 -h o u r  w o r k s h i f t ,  4 0 - h o u r  workweek,  o v e r  a w o rk in g  l i f e t i m e .  Compl iance 
w i t h  a l l  s e c t i o n s  o f  the  recommended s t a n d a r d  s h o u ld  p r e v e n t  o r  g r e a t l y  
r e d u c e  t h e  r i s k  to  exposed  w o r k e r s  o f  a d v e r s e  e f f e c t s .  NIOSH c o n s i d e r s  the  
recommended e n v i r o n m e n t a l  l i m i t s  f o r  s t y r e n e  to  be u p p e r  b o u n d a r i e s  of  
e x p o s u r e .  Th u s ,  em p lo y e r s  s h o u l d  make e v e r y  e f f o r t  to  m a i n t a i n  e x p o s u r e  
c o n c e n t r a t i o n s  a s  low a s  p o s s i b l e .  T h i s  recommended s t a n d a r d  w i l l  be 
s u b j e c t  to  r e v i e w  and r e v i s i o n  a s  n e c e s s a r y .

O c c u p a t i o n a l  i n j u r y  and i l l n e s s  a t t r i b u t e d  to  s t y r e n e  r e s u l t s  from 
i n h a l a t i o n  o f  the  v a p o r  o r  f rom s k i n  c o n t a c t  w i t h  th e  r e a d i l y  a b s o r b e d  
l i q u i d .  The NIOSH recommended s t a n d a r d  i s  p r i m a r i l y  b a s e d  on r e p o r t s  of
e f f e c t s  on the  human n e r v o u s  s y s t e m ,  and on i r r i t a t i o n  o f  t h e  e y e s  and 
r e s p i r a t o r y  s y s t e m .

C e n t r a l  n e r v o u s  s y s te m  (CNS) e f f e c t s  have b e e n  o b s e r v e d  among 
e x p e r i m e n t a l  s u b j e c t s  a s  w e l l  a s  w o r k e r s  exposed  to  s t y r e n e  a t  t i m e - w e i g h t e d  
a v e r a g e  (TWA) c o n c e n t r a t i o n s  o f  a b o u t  100 p a r t s  p e r  m i l l i o n  (ppm).  I n
a d d i t i o n ,  some i n v e s t i g a t o r s  have r e p o r t e d  o b s e r v i n g  t h e s e  e f f e c t s  a t
c o n c e n t r a t i o n s  l e s s  th a n  100 ppm, b o t h  e x p e r i m e n t a l l y  and c l i n i c a l l y .  
However,  t h e  e x p e r i m e n t a l  s t u d i e s  a r e  o f  l i m i t e d  v a l u e  i n  e s t a b l i s h i n g  a 
recommended e x p o s u r e  l i m i t  b e c a u s e  o f  th e  s m a l l  numbers  o f  s u b j e c t s  
s t u d i e d .  S i m i l a r l y ,  t h e  c l i n i c a l  s t u d i e s  a r e  d i f f i c u l t  to  i n t e r p r e t  b e c a u s e  
the  e x p o s u r e s  o c c u r r e d  o v e r  a wide  r a n g e  o f  c o n c e n t r a t i o n s ,  o c c a s i o n a l l y  i n  
e x c e s s  o f  100 ppm. The m os t  f r e q u e n t l y  r e p o r t e d  e f f e c t s  o f  e x p o s u r e s  a t
a b o u t  100 ppm a r e  s u b j e c t i v e  symptoms s u c h  a s  f a t i g u e ,  d i z z i n e s s ,  h e a d a c h e ,
n a u s e a ,  p o o r  memory, and d r o w s i n e s s .  These  s u b j e c t i v e  symptoms o f  CNS 
d e p r e s s i o n  have been  s u b s t a n t i a t e d  e x p e r i m e n t a l l y  i n  human s u b j e c t s  and i n  
c l i n i c a l  s t u d i e s  o f  w o r k e r s  e x p o se d  to  s t y r e n e  who d e m o n s t r a t e d  s lo w e r  
r e a c t i o n  t im e s  and i m p a i r e d  b a l a n c e ;  ab n o rm a l  EEGs have  a l s o  b e e n  n o t e d .

I t  has  b e e n  r e p o r t e d  i n  a number o f  c l i n i c a l  s t u d i e s  t h a t  chromosome 
c h a n g e s  o c c u r r e d  w i t h  g r e a t e r  f r e q u e n c y  i n  the  lym phocy te s  o f  w o rk e r s
ex p o sed  to  s t y r e n e  a t  a b o u t  100 ppm th a n  among w o r k e r s  n o t  exposed  to
s t y r e n e .  O t h e r  i n v e s t i g a t o r s  have  r e p o r t e d  an i n c r e a s e  i n  t h e  r a t e  of
s i s t e r  c h r o m a t i d  exc h a n g e s  among s t y r e n e - e x p o s e d  w o r k e r s .  However ,  the  
l o n g - t e r m  s i g n i f i c a n c e  of  t h e s e  e f f e c t s  i s  n o t  c l e a r  and r e q u i r e s  f u r t h e r  
e l u c i d a  t i o n .

A l th o u g h  th e  e v i d e n c e  i s  n o t  s t r o n g ,  e x p o s u r e  to  s t y r e n e  h a s  a l s o  been  
i m p l i c a t e d  w i t h  o t h e r  a d v e r s e  h e a l t h  e f f e c t s  su ch  a s  p e r i p h e r a l  n e u r o p a t h y ,  
abnorm al  pu lm onary  f u n c t i o n ,  l i v e r  t o x i c i t y ,  t e r a t o g e n i c i t y ,  and
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c a r c i n o g e n i c i t y .  These  h e a l t h  e f f e c t s  need  f u r t h e r  i n v e s t i g a t i o n ,  and would 
p r o v i d e  a d d i t i o n a l  e v i d e n c e  f o r  a r e d u c t i o n  i n  t h e  c u r r e n t  o c c u p a t i o n a l  
e x p o s u r e  s t a n d a r d  i f  th ey  were  found  to  be s t y r e n e - r e l a t e d .

A l t h o u g h  a d d i t i o n a l  r e s e a r c h  i s  n e e d e d  to  c l a r i f y  some of  th e  r e p o r t e d  
e f f e c t s ,  w o r k e r  e x p o s u r e  to  s t y r e n e  s h o u l d  n o t  ex c e e d  50 ppm a s  a TWA 
c o n c e n t r a t i o n  f o r  up to  a  1 0 - h o u r  w o r k s h i f t ,  4 0 - h o u r  workweek.  To p r e v e n t  
CNS d e p r e s s i o n  and i r r i t a t i o n  o f  t h e  e y e s  and r e s p i r a t o r y  t r a c t ,  e x p o s u r e s  
s h o u ld  n o t  e x c e e d  100 ppm, d e t e r m i n e d  a s  a c e i l i n g  c o n c e n t r a t i o n  by a 
1 5 -m in u te  s am p le .

The " a c t i o n  l e v e l "  f o r  s t y r e n e  i s  d e f i n e d  a s  o n e - h a l f  t h e  TWA 
c o n c e n t r a t i o n  l i m i t  f o r  s t y r e n e .  Due to  i n t e r d a y  v a r i a b i l i t y  o f  
e n v i r o n m e n t a l  l e v e l s ,  a  w o r k e r ' s  s i n g l e  TWA e x p o s u r e  m easu rem en t  o v e r  t h e  
w o r k s h i f t  t h a t  i s  below th e  recommended s t a n d a r d  d o es  n o t  n e c e s s a r i l y  
i n d i c a t e  t h a t  e x p o s u r e s  on o t h e r  days  would a l s o  be below th e  recommended 
s t a n d a r d .  I f  a w o r k e r ' s  TWA e x p o s u r e  d u r i n g  a w o r k s h i f t  i s  a t  o r  above 
o n e - h a l f  t h e  recommended s t a n d a r d ,  a s u f f i c i e n t  p r o b a b i l i t y  e x i s t s  t h a t  on 
o t h e r  days  e x p o s u r e s  c o u l d  e x c e e d  t h e  recommended TWA s t a n d a r d .  As su c h ,  
th e  c o n c e p t  o f  an  " a c t i o n  l e v e l "  i s  ne e d e d  to  e n s u r e  a d e q u a t e  p r o t e c t i o n  o f  
th e  w o r k e r s .  Exposu re  t o  s t y r e n e  be low t h e  " a c t i o n  l e v e l "  w i l l  r e q u i r e  
a d h e r e n c e  to  a l l  s e c t i o n s  o f  t h e  recommended s t a n d a r d  e x c e p t  S e c t i o n s  2 ( b ) ,  
8 ( a ) ( 2 ) ,  and t h e  m o n i t o r i n g  p r o v i s i o n s  o f  8 ( b ) .

S e c t i o n  1 - E n v i r o n m e n t a l  (W orkp lace  A i r )
( a )  C o n c e n t r a t i o n  (Recommended E n v i r o n m e n t a l  L i m i t s )
E x p o su re  to  s t y r e n e  i n  t h e  w o r k p l a c e  s h a l l  be  c o n t r o l l e d  so t h a t  w o r k e r s  

a r e  n o t  exposed  to  s t y r e n e  a t  c o n c e n t r a t i o n s  g r e a t e r  t h a n  50 p a r t s  p e r
m i l l i o n  (ppm) ,  d e t e r m i n e d  a s  a t i m e - w e i g h t e d  a v e r a g e  (TWA) e x p o s u r e  
c o n c e n t r a t i o n  f o r  up to  a 1 0 -h o u r  w o r k s h i f t ,  4 0 - h o u r  workweek.  A c e i l i n g  
c o n c e n t r a t i o n  o f  100 ppm, a s  d e t e r m i n e d  d u r i n g  any 1 5 -m in u te  s a m p l in g  
p e r i o d ,  i s  a l s o  recommended.

( b )  S am p l in g  and A n a l y s i s
Workroom a i r  s am ples  s h a l l  be c o l l e c t e d  and a n a l y z e d  a s  d e s c r i b e d  i n

Append ix  I , o r  by any o t h e r  methods a t  l e a s t  e q u i v a l e n t  i n  a c c u r a c y ,  
p r e c i s i o n ,  and s e n s i t i v i t y .

S e c t i o n  2 - M e d ic a l
The em p lo y e r  s h a l l  p r o v i d e  t h e  f o l l o w i n g  i n f o r m a t i o n  to  t h e  p h y s i c i a n

p e r f o r m i n g  o r  r e s p o n s i b l e  f o r  t h e  m e d i c a l  s u r v e i l l a n c e  p rogram :  th e
r e q u i r e m e n t s  o f  t h e  a p p l i c a b l e  s t a n d a r d ;  an  e s t i m a t e  o f  the  w o r k e r ' s
p o t e n t i a l  e x p o s u r e  to  s t y r e n e ,  i n c l u d i n g  any a v a i l a b l e  w o r k p l a c e  sa m p l in g  
r e s u l t s ;  a d e s c r i p t i o n  o f  th e  w o r k e r ' s  d u t i e s  a s  th e y  r e l a t e  to  the
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w o r k e r s ' s  e x p o s u r e ;  and a  d e s c r i p t i o n  o f  any p r o t e c t i v e  e q u ip m e n t  t h e  w o r k e r  
may be r e q u i r e d  to  u s e .

( a )  P r e p l a c e m e n t  m e d i c a l  e x a m i n a t i o n s  s h a l l  i n c l u d e  a t  l e a s t :
(1 )  Co mprehensive  m e d i c a l  and  work h i s t o r i e s  w i t h  s p e c i a l  em p h as i s  

on th e  n e r v o u s  s y s t e m ,  s k i n ,  r e s p i r a t o r y  t r a c t ,  l i v e r ,  and  e y e s .
(2 )  A p h y s i c a l  e x a m i n a t i o n  g i v i n g  s p e c i a l  a t t e n t i o n  t o  t h e  n e r v o u s  

s y s t e m ,  s k i n ,  r e s p i r a t o r y  t r a c t ,  l i v e r ,  and e y e s .  A d d i t i o n a l  t e s t i n g ,  such  
a s  c l i n i c a l  t e s t s  o f  l i v e r  f u n c t i o n  and enzymes,  s h o u l d  be c o n s i d e r e d  by the  
p h y s i c i a n  r e s p o n s i b l e  f o r  t h e  e x a m i n a t i o n .

( 3 )  A judgm en t  o f  t h e  w o r k e r ' s  a b i l i t y  to  u s e  p o s i t i v e  and 
n e g a t i v e  p r e s s u r e  r e s p i r a t o r s .

( b )  P e r i o d i c  m e d i c a l  e x a m i n a t i o n s  s h a l l  be made a v a i l a b l e  a t  l e a s t  
a n n u a l l y  to  a l l  w o r k e r s  o c c u p a t i o n a l l y  ex p o sed  to  s t y r e n e  a t  a i r b o r n e  
c o n c e n t r a t i o n s  a t  o r  above th e  a c t i o n  l e v e l ,  o r  who have  t h e  p o t e n t i a l  f o r  
s i g n i f i c a n t  s k i n  e x p o s u r e  ( s e e  p a r a g r a p h  ( b ) ( 3 )  o f  t h i s  s e c t i o n ) .  These 
e x a m i n a t i o n s  s h a l l  i n c l u d e  a t  l e a s t :

(1 )  An u p d a t e  o f  m e d i c a l  and work h i s t o r i e s .
( 2 )  A p h y s i c a l  e x a m i n a t i o n  and t e s t s  a s  o u t l i n e d  i n  p a r a g r a p h

( a ) ( 2 )  o f  t h i s  s e c t i o n .
(3 )  I n  t h o s e  i n s t a n c e s  w here  t h e r e  i s  a p o t e n t i a l  f o r  e l e v a t e d  o r  

w i d e l y  v a r y i n g  s t y r e n e  e x p o s u r e s  t h r o u g h  i n h a l a t i o n  a n d / o r  s k i n  a b s o r p t i o n ,  
m easu rem en t  o f  u r i n a r y  m a n d e l i c  a c i d  (a  s t y r e n e  m e t a b o l i t e )  may s e r v e  a s  a 
u s e f u l  a d j u n c t  f o r  c h a r a c t e r i z a t i o n  o f  w o r k p l a c e  s t y r e n e  e x p o s u r e s  ( s e e  
A ppend ix  I I ) .  I f  the  m easu rem en t  o f  a  w o r k e r ' s  u r i n a r y  m a n d e l i c  a c i d
s u g g e s t s  p o s s i b l e  o v e r e x p o s u r e  to  s t y r e n e ,  an  e f f o r t  s h o u l d  be  made to  
a s c e r t a i n  t h e  c a u s e ,  such  a s  f a i l u r e  o f  e n g i n e e r i n g  c o n t r o l s ,  p o o r  work 
p r a c t i c e s ,  o r  n o n o c c u p a t i o n a l  e x p o s u r e s .

( c )  M o n i t o r i n g  o f  u r i n a r y  m a n d e l i c  a c i d  and  a  p h y s i c a l  e x a m i n a t i o n  a s  
o u t l i n e d  i n  p a r a g r a p h  ( a ) ( 2 )  o f  t h i s  s e c t i o n  s h a l l  be  made a v a i l a b l e  to  any 
w o rk e r  ex p o s e d  to  unknown c o n c e n t r a t i o n s  o f  s t y r e n e  d u r i n g  a s p i l l  o r
em ergency .

(d )  Worke rs  and p o t e n t i a l  w o r k e r s  h a v i n g  m e d i c a l  c o n d i t i o n s ,  su ch  as  
d i s o r d e r s  o f  t h e  n e r v o u s  o r  r e s p i r a t o r y  s y s t e m s ,  o r  a  l i v e r  d i s e a s e  t h a t  
c o u l d  be  d i r e c t l y  o r  i n d i r e c t l y  a g g r a v a t e d  by e x p o s u r e  to  s t y r e n e ,  s h a l l  be 
c o u n s e l e d  on th e  p o s s i b i l i t y  o f  i n c r e a s e d  r i s k  o f  im p a i r m e n t  t o  t h e i r  h e a l t h  
f rom w o rk in g  w i t h  s t y r e n e .

( e )  F o l l o w i n g  c o m p l e t i o n  o f  t h e  e x a m i n a t i o n ,  t h e  p h y s i c i a n  s h a l l  g i v e  
t o  th e  em p lo y e r  a w r i t t e n  s t a t e m e n t  a b o u t  w h e t h e r  t h e  w o r k e r  h a s  any 
d e t e c t e d  m e d i c a l  c o n d i t i o n s  w h ic h  would  p l a c e  t h e  w o r k e r  a t  i n c r e a s e d  r i s k
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o f  h e a l t h  im p a i r m e n t  f rom e x p o s u r e  to  s t y r e n e .  The w r i t t e n  s t a t e m e n t  s h a l l  
i n c l u d e  any recommended l i m i t a t i o n s  upon t h e  w o r k e r ' s  e x p o s u r e  to  s t y r e n e  o r  
upon th e  u s e  o f  r e s p i r a t o r s .  A copy o f  t h i s  w r i t t e n  s t a t e m e n t  o b t a i n e d  by 
th e  em p lo y e r  s h a l l  n o t  r e v e a l  s p e c i f i c  f i n d i n g s  o r  d i a g n o s e s  and  s h a l l  be 
p r o v i d e d  to  t h e  w o r k e r .

( f )  P e r t i n e n t  m e d i c a l  r e c o r d s  ( i . e . ,  t h e  p h y s i c i a n ' s  w r i t t e n  s t a t e m e n t ,  
the  r e s u l t s  o f  m e d i c a l  e x a m i n a t i o n s  and  t e s t s ,  m e d i c a l  c o m p l a i n t s ,  e t c . )  f o r  
a l l  w o r k e r s  s u b j e c t  to  e x p o s u r e  to  s t y r e n e  i n  t h e  w o r k p l a c e  s h a l l  be 
r e t a i n e d  f o r  a t  l e a s t  30 y e a r s  a f t e r  t e r m i n a t i o n  o f  employment .  C o p ie s  o f  
e n v i r o n m e n t a l  m o n i t o r i n g  d a t a  a p p l i c a b l e  to  a  w o r k e r  s h a l l  a l s o  be i n c l u d e d  
i n  t h a t  w o r k e r ' s  m e d i c a l  r e c o r d s .  T h e s e  r e c o r d s  s h a l l  be made a v a i l a b l e  to  
t h e  d e s i g n a t e d  m e d i c a l  r e p r e s e n t a t i v e s  o f  the  S e c r e t a r y  o f  L a b o r ,  t h e  
S e c r e t a r y  o f  H e a l t h  and Human S e r v i c e s ,  t h e  e m p lo y e r ,  and  t h e  w o r k e r  o r  
fo r m e r  w o r k e r .

( g )  The r e l a t i o n s h i p  o f  s t y r e n e  e x p o s u r e  to  a d v e r s e  r e p r o d u c t i v e  
e f f e c t s  h a s  n o t  been  t h o r o u g h l y  i n v e s t i g a t e d .  Workers  s h a l l  be  made aware 
o f  the  p o s s i b i l i t y  o f  su ch  a d v e r s e  e f f e c t s .

S e c t i o n  3 -  L a b e l i n g  and  P o s t i n g
A l l  l a b e l s  and w a r n i n g  s i g n s  s h a l l  be p r i n t e d  b o t h  i n  E n g l i s h  and i n  the  

p r e d o m i n a n t  l a n g u a g e  o f  n o n - E n g l i s h - r e a d i n g  w o r k e r s .  Workers  u n a b l e  to  r e a d  
th e  l a b e l s  and p o s t e d  s i g n s  s h a l l  be i n fo rm e d  v e r b a l l y  r e g a r d i n g  the  
h a z a r d o u s  a r e a s  o f  the  p l a n t  o r  w o r k s i t e  and th e  i n s t r u c t i o n s  p r i n t e d  on 
l a b e l s  and  s i g n s .

( a )  L a b e l i n g
C o n t a i n e r s  o f  s t y r e n e  u s e d  o r  s t o r e d  i n  th e  w o r k p l a c e  s h a l l  c a r r y  a 

p e r m a n e n t l y  a t t a c h e d  l a b e l  t h a t  i s  r e a d i l y  v i s i b l e .  The l a b e l  s h a l l  
i d e n t i f y  t h e  p r e s e n c e  o f  s t y r e n e  and  g i v e  i n f o r m a t i o n  r e g a r d i n g  i t s  e f f e c t s  
on human h e a l t h .  The i n f o r m a t i o n  may be a r r a n g e d  a s  f o l l o w s .

STYRENE
CAUTION!

HARMFUL IF INHALED OR IF ABSORBED THROUGH SKIN 
IRRITATING TO SKIN, EYES, NOSE, THROAT, MOUTH, AND LUNGS

FLAMMABLE
I n  c a s e  o f  eye  c o n t a c t ,  i m m e d i a t e l y  f l u s h  e y e s  

w i t h  l a r g e  am ounts  o f  w a t e r  f o r  15 m i n u t e s .
I f  i r r i t a t i o n  p e r s i s t s ,  g e t  m e d i c a l  a t t e n t i o n .

Keep c o n t a i n e r s  c l o s e d  when n o t  i n  u s e .
Use o n l y  w i t h  a d e q u a t e  v e n t i l a t i o n .

Keep away from h e a t ,  s p a r k s ,  and open f l a m e .
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( b )  P o s t i n g
R e a d i l y  v i s i b l e  s i g n s  c o n t a i n i n g  i n f o r m a t i o n  on t h e  e f f e c t s  o f  s t y r e n e  

on human h e a l t h  and emergency m e a s u re s  s h a l l  be p o s t e d  i n  work a r e a s  and a t  
e n t r a n c e s  t o  work a r e a s  o r  b u i l d i n g  e n c l o s u r e s  where t h e r e  i s  the  l i k e l i h o o d  
o f  s t y r e n e  c o n c e n t r a t i o n s  above  t h e  a c t i o n  l e v e l  o r  where  th e  p o s s i b i l i t y  of  
a p p r e c i a b l e  s p i l l s  o r  s k i n  c o n t a c t  w i t h  s t y r e n e  e x i s t .  T h i s  i n f o r m a t i o n  may 
be a r r a n g e d  a s  f o l l o w s .

STYRENE
CAUTION!

HARMFUL IF INHALED OR IF ABSORBED THROUGH SKIN 
IRRITATING TO SKIN, EYES, NOSE, THROAT, MOUTH, AND LUNGS

FLAMMABLE
P l a c e  c l e a n i n g  r a g s  and  s o i l e d  c l o t h i n g  i n  

f i r e p r o o f  c o n t a i n e r s .
Use c h e m i c a l  f i r e  e x t i n g u i s h e r .

( c )  R e s p i r a t o r s
I f  r e s p i r a t o r s  a r e  n e e d e d  d u r i n g  th e  i n s t a l l a t i o n  o r  i m p l e m e n t a t i o n  

o f  r e q u i r e d  e n g i n e e r i n g  c o n t r o l s ,  the  f o l l o w i n g  s t a t e m e n t  s h a l l  be  added  i n  
l a r g e  l e t t e r s  t o  t h e  s i g n  r e q u i r e d  i n  p a r a g r a p h  (b )  o f  t h i s  s e c t i o n :

RESPIRATORY PROTECTION REQUIRED IN THIS AREA
(d )  Emergency S i t u a t i o n s

I n  any a r e a  whe re  t h e r e  i s  a  l i k e l i h o o d  o f  emergency s i t u a t i o n s  
a r i s i n g ,  s i g n s  r e q u i r e d  by p a r a g r a p h  (b )  o f  t h i s  s e c t i o n  s h a l l  be 
su p p le m e n te d  w i t h  s i g n s  g i v i n g  emergency and f i r s t - a i d  i n s t r u c t i o n s  and 
p r o c e d u r e s ,  t h e  l o c a t i o n  o f  f i r s t - a i d  s u p p l i e s  and emergency e q u ip m e n t ,  and 
th e  l o c a t i o n s  o f  emergency sh owers  and eyewash  f o u n t a i n s .

S e c t i o n  4 -  P r o t e c t i v e  C l o t h i n g  and Equ ipment
E n g i n e e r i n g  c o n t r o l s  and s a f e  work p r a c t i c e s  s h a l l  be u s e d  to  keep the  

c o n c e n t r a t i o n  o f  a i r b o r n e  s t y r e n e  a t  o r  below th e  l i m i t s  s p e c i f i e d  i n  
S e c t i o n  1 ( a )  and  to  m in im ize  s k i n  and eye  c o n t a c t .  I n  a d d i t i o n ,  p r o t e c t i v e  
c l o t h i n g  and  e q u ip m e n t  s h a l l  be  p r o v i d e d  by th e  e m ploye r  t o  t h e  w o r k e r s  when 
n e c e s s a r y .
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( a )  E y e  P r o t e c t i o n

The em p lo y e r  s h a l l  p r o v i d e  s a f e t y  g l a s s e s ,  c h e m i c a l  s a f e t y  g o g g l e s ,  o r  
f a c e  s h i e l d s  (20-cm minimum) w i t h  g o g g l e s  and  s h a l l  e n s u r e  t h a t  w o r k e r s  wea r  
th e  p r o t e c t i v e  eq u ip m e n t  d u r i n g  any  o p e r a t i o n  i n  w h ic h  s p l a s h e s  o f  l i q u i d  
s t y r e n e  a r e  l i k e l y  t o  o c c u r .  D e v i c e s  f o r  eye  and f a c e  p r o t e c t i o n  s h a l l  be 
s e l e c t e d ,  u s e d ,  and m a i n t a i n e d  i n  a c c o r d a n c e  w i t h  29 CFR 1910 .133  (U.S .  
D e p a r t m e n t  o f  L a b o r ,  O c c u p a t i o n a l  S a f e t y  and H e a l t h  A d m i n i s t r a t i o n ,  
O c c u p a t i o n a l  S a f e t y  and H e a l t h  S t a n d a r d s ,  Eye and Face  P r o t e c t i o n ) .

(b )  S k in  P r o t e c t i o n
(1 )  Workers  a t  r i s k  o f  s k i n  c o n t a c t  w i t h  s t y r e n e  s h a l l  be p r o v i d e d  

w i t h  p r o t e c t i v e  c l o t h i n g  su ch  a s  g l o v e s ,  b o o t s ,  o v e r s h o e s ,  and b i b - t y p e  
a p r o n s  ( a t  l e a s t  k n e e - l e n g t h ) . The c l o t h i n g  s h a l l  be b o t h  im p e r v i o u s  and 
r e s i s t a n t  to  s t y r e n e .  M a t e r i a l s  made o f  p o l y v i n y l  a l c o h o l  o r  p o l y e t h y l e n e  
a f f o r d  good p r o t e c t i o n .

(2 )  C l o t h i n g  c o n t a m i n a t e d  w i t h  s t y r e n e  s h a l l  be c l e a n e d  b e f o r e  
r e u s e .  Anyone who h a n d l e s  c o n t a m i n a t e d  c l o t h i n g  o r  i s  r e s p o n s i b l e  f o r  i t s  
c l e a n i n g  s h a l l  be in fo rm ed  o f  th e  h a z a r d s  o f  s t y r e n e  and th e  p r o p e r  
p r e c a u t i o n s  f o r  i t s  s a f e  h a n d l i n g  and  u s e .

(3 )  The em plo yer  s h a l l  e n s u r e  t h a t  a l l  p e r s o n a l  p r o t e c t i v e  
c l o t h i n g  and eq u ip m e n t  i s  i n s p e c t e d  r e g u l a r l y  and m a i n t a i n e d  i n  a  c l e a n  and 
s a t i s f a c t o r y  w o rk in g  c o n d i t i o n .

( c )  R e s p i r a t o r y  P r o t e c t i o n
(1 )  The use  o f  a r e s p i r a t o r  to  a c h i e v e  c o m p l i a n c e  w i t h  the  

recommended e x p o s u r e  l i m i t s  i s  p e r m i t t e d  o n ly  d u r i n g  th e  t ime  n e c e s s a r y  to  
i n s t a l l  and t e s t  r e q u i r e d  e n g i n e e r i n g  c o n t r o l s ,  f o r  n o n r o u t i n e  o p e r a t i o n s  
su ch  a s  m a i n t e n a n c e  o r  r e p a i r  a c t i v i t i e s  c a u s i n g  b r i e f  e x p o s u r e s  a t  
c o n c e n t r a t i o n s  i n  e x c e s s  of  t h e  recommended e n v i r o n m e n t a l  l i m i t s ,  d u r i n g  
work i n  c o n f i n e d  s p a c e s ,  o r  d u r i n g  e m e r g e n c i e s  when c o n c e n t r a t i o n s  o f  
a i r b o r n e  s t y r e n e  may ex ceed  th e  recommended e n v i r o n m e n t a l  l i m i t .

( 2 )  R e s p i r a t o r s  s h a l l  be  p r o v i d e d  i n  a c c o r d a n c e  w i t h  T a b l e  1 -1  by 
th e  em p lo y e r  when s u c h  eq u ip m e n t  i s  n e c e s s a r y  to  p r o t e c t  t h e  h e a l t h  o f  the  
w o r k e r .  The w o rk e r  s h a l l  u s e  t h e  p r o v i d e d  r e s p i r a t o r y  p r o t e c t i o n  i n  
a c c o r d a n c e  w i t h  i n s t r u c t i o n s  and  t r a i n i n g  r e c e i v e d .

(3 )  The r e s p i r a t o r y  p r o t e c t i v e  d e v i c e s  p r o v i d e d  i n  confo rm ance  
w i t h  T a b l e  1 -1  s h a l l  comply w i t h  th e  s t a n d a r d s  j o i n t l y  a p p r o v e d  by NIOSH and 
t h e  Mine S a f e t y  and H e a l t h  A d m i n i s t r a t i o n  (MSHA) a s  s p e c i f i e d  u n d e r  th e  
p r o v i s i o n s  o f  the  U.S .  D e p a r t m e n t  o f  the  I n t e r i o r ,  Bureau o f  Mines 
( R e s p i r a t o r y  P r o t e c t i v e  D e v i c e s  and T e s t s  f o r  P e r m i s s i b i l i t y ,  30 CFR P a r t  
11) .
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(4 )  The e m ploye r  s h a l l  e n s u r e  t h a t  r e s p i r a t o r s  a r e  p r o p e r l y  f i t t e d  
and t h a t  w o r k e r s  a r e  i n s t r u c t e d  a t  l e a s t  a n n u a l l y  i n  t h e  p r o p e r  u s e  and 
t e s t i n g  f o r  l e a k a g e  of  r e s p i r a t o r s  a s s i g n e d  to  them.

( 5 )  The em plo yer  s h a l l  be r e s p o n s i b l e  f o r  th e  e s t a b l i s h m e n t  and 
m a i n t e n a n c e  o f  a  r e s p i r a t o r y  p r o t e c t i o n  p rogram m e e t i n g  o r  e x c e e d i n g  the  
r e q u i r e m e n t s  e s t a b l i s h e d  by the  O c c u p a t i o n a l  S a f e t y  and H e a l t h  
A d m i n i s t r a t i o n  ( R e s p i r a t o r y  P r o t e c t i o n ,  29 CFR 1910 .134)  a s  summarized below:

(A) W r i t t e n  s t a n d a r d  o p e r a t i n g  p r o c e d u r e s  g o v e r n i n g  u s e  of
r e s p i r a t o r s  s h a l l  be e s t a b l i s h e d .

(B) The w o rk e r  s h a l l  be i n s t r u c t e d  and t r a i n e d  i n  the  p r o p e r  
u s e  o f  r e s p i r a t o r s  and t h e i r  l i m i t a t i o n s .

(C) Where p r a c t i c a b l e ,  t h e  r e s p i r a t o r s  s h o u l d  be a s s i g n e d  to  
i n d i v i d u a l  w o r k e r s  f o r  t h e i r  e x c l u s i v e  u s e .

(D) R e s p i r a t o r s  s h a l l  be r e g u l a r l y  c l e a n e d  and d i s i n f e c t e d .
(E) R e s p i r a t o r s  s h a l l  be s t o r e d  i n  a c o n v e n i e n t ,  c l e a n ,  and

s a n i t a r y  l o c a t i o n .
(F)  R e s p i r a t o r s  u s e d  r o u t i n e l y  s h a l l  be i n s p e c t e d  d u r i n g

c l e a n i n g .  Worn o r  d e t e r i o r a t e d  p a r t s  s h a l l  be r e p l a c e d .  R e s p i r a t o r s  f o r  
emergency u s e  su ch  a s  s e l f - c o n t a i n e d  d e v i c e s  s h a l l  be t h o r o u g h l y  i n s p e c t e d  
a t  l e a s t  once  a month and a f t e r  e a c h  u s e .

(G) Workers  s h o u l d  n o t  be a s s i g n e d  to  t a s k s  r e q u i r i n g  u s e  o f  
r e s p i r a t o r s  u n l e s s  i t  has  be en  d e t e r m i n e d  t h a t  they  a r e  p h y s i c a l l y  a b l e  to  
p e r f o r m  th e  work and u s e  th e  e q u i p m e n t .  The r e s p i r a t o r  u s e r ' s  m e d i c a l  
s t a t u s  s h o u l d  be r e v ie w e d  p e r i o d i c a l l y  ( f o r  i n s t a n c e ,  a n n u a l l y )  a s  
recommended by t h e  p h y s i c i a n  r e s p o n s i b l e  f o r  the  p h y s i c a l  e x a m i n a t i o n .

(H) A p p r o p r i a t e  s u r v e i l l a n c e  of  work a r e a  c o n d i t i o n s  and 
d e g r e e  o f  w o r k e r  e x p o s u r e  o r  s t r e s s  s h a l l  be m a i n t a i n e d .

( I )  T h e re  s h a l l  be r e g u l a r  i n s p e c t i o n  and e v a l u a t i o n  by the  
em ployer  to  d e t e r m i n e  th e  c o n t i n u e d  e f f e c t i v e n e s s  o f  t h e  p rog ram .

S e c t i o n  5 -  I n f o r m i n g  Workers  o f  th e  H a z a rd s  of  S t y r e n e
( a )  A l l  new and c u r r e n t  w o r k e r s  i n  a r e a s  where a i r b o r n e  e x p o s u r e s  to

s t y r e n e  a r e  a t  o r  above the  a c t i o n  l e v e l ,  o r  who have t h e  p o t e n t i a l  f o r
s i g n i f i c a n t  s k i n  e x p o s u r e ,  s h a l l  be  k e p t  i n fo rm ed  o f  t h e  h a z a r d s ,  r e l e v a n t  
p r e n a r c o t i c  symptoms,  e f f e c t s  o f  o v e r e x p o s u r e ,  and p r o p e r  c o n d i t i o n s  and 
p r e c a u t i o n s  f o r  t h e  s a f e  u s e  and h a n d l i n g  of  s t y r e n e .

7



TABLE 1-1

RESPIRATOR SELECTION GUIDE 
FOR PROTECTION AGAINST STYRENE

Vapor Concentration Respirator Type Approved Under 
Provisions of 30 CFR 11*

400 ppa or less Any chealcal cartridge respirator with organic vapor cartridge(s).** 

Any supplied-alr respirator.**

Any self-contained breathing apparatus.**

1000 ppm or less A chealcal cartridge respirator with a full faceplece and organic vapor 
cartridge(s).

5000 ppa or less A gas aask with a chln-styl^ or front- or back-aounted organic vapor 
canls ter.

Any supplled-air respirator with a full faceplece, helmet, or hood. 

Any self-contained breathing apparatus with a full faceplece.

Greater than 5000 ppa 
or during entry and 
escape froa unknown 
concentra tlons.

Self-contained breathing apparatus with a full faceplece operated In 
pressure-demand or other positive pressure node.

A combination respirator which includes a Type C supplied-alr respirator 
with a full faceplece operated in pressure-deaand or other positive 
pressure or continuous-flow mode and an auxiliary self-contained breathing 
apparatus operated in pressure-demand or other positive pressure mode.

Fire Fighting Self-contained breathing apparatus with a full faceplece operated in 
pressure-deaand or other positive pressure aode.

Escape Any gas aask providing protection against organic vapors. 

Any escape self-contained breathing apparatus.

*Only NIOSH-approved or HSIIA-approved equipment should be used.
**If eye Irritation occurs, full-faceplece respiratory protective equlpaent should be used.



(b )  The e m ploye r  s h a l l  i n s t i t u t e  a  c o n t i n u i n g  e d u c a t i o n  p ro g ram ,  
c o n d u c t e d  by p e r s o n s  q u a l i f i e d  by e x p e r i e n c e  o r  t r a i n i n g  i n  o c c u p a t i o n a l  
s a f e t y  and h e a l t h ,  to  e n s u r e  t h a t  a l l  w o r k e r s  exposed  t o  s t y r e n e  above  th e  
a c t i o n  l e v e l  have  c u r r e n t  knowledge  o f  s t y r e n e  h a z a r d s ,  p r o p e r  m a i n t e n a n c e ,  
c l e a n u p  m e th o d s ,  and p r o p e r  u s e  o f  p r o t e c t i v e  c l o t h i n g  and  e q u ip m e n t ,  
i n c l u d i n g  r e s p i r a t o r s .  The i n s t r u c t i o n a l  p rog ram  s h a l l  i n c l u d e  o r a l  and 
w r i t t e n  d e s c r i p t i o n s  o f  the  e n v i r o n m e n t a l  and m e d i c a l  s u r v e i l l a n c e  p ro gra ms 
and o f  t h e  a d v a n t a g e s  to  t h e  w o r k e r  o f  p a r t i c i p a t i n g  i n  t h e s e  s u r v e i l l a n c e  
p ro g r a m s .  The e m ploye r  s h a l l  m a i n t a i n  a w r i t t e n  p l a n  o f  t h e s e  t r a i n i n g  and 
s u r v e i l l a n c e  p ro g ra m s .

( c )  Worke rs  s h a l l  a l s o  be i n s t r u c t e d  on t h e i r  r e s p o n s i b i l i t i e s  f o r  
f o l l o w i n g  p r o p e r  work p r a c t i c e s  and s a n i t a t i o n  p r o c e d u r e s  to  h e l p  p r o t e c t  
t h e  h e a l t h  and p r o v i d e  f o r  t h e  s a f e t y  o f  t h e m s e l v e s  and t h e i r  f e l l o w  w o r k e r s .

(d )  A l l  new and c u r r e n t  w o r k e r s  i n  a r e a s  where  e x p o s u r e  t o  s t y r e n e  may 
r e a s o n a b l y  be e x p e c t e d  to  o c c u r  d u r i n g  s p i l l s  o r  e m e r g e n c i e s  s h a l l  be 
t r a i n e d  i n  p r o p e r  emergency a n d / o r  e v a c u a t i o n  p r o c e d u r e s .

( e )  R e q u i r e d  i n f o r m a t i o n  s h a l l  be r e c o r d e d  on th e  " M a t e r i a l  S a f e t y  D a ta  
S h e e t "  shown i n  Append ix  I I I , o r  on a s i m i l a r  fo rm s p e c i f i e d  by the  
O c c u p a t i o n a l  S a f e t y  and H e a l t h  A d m i n i s t r a t i o n  (OSHA) d e s c r i b i n g  t h e  r e l e v a n t  
t o x i c ,  p h y s i c a l ,  and c h e m i c a l  p r o p e r t i e s  o f  s t y r e n e  and o f  m i x t u r e s  of
s t y r e n e  t h a t  a r e  u s e d  o r  o t h e r w i s e  h a n d l e d  i n  th e  w o r k p l a c e .  T h i s  
i n f o r m a t i o n  s h a l l  be k e p t  on f i l e  and s h a l l  be  r e a d i l y  a v a i l a b l e  t o  w o r k e r s  
f o r  e x a m i n a t i o n  and c o p y in g .

S e c t i o n  6 - Work P r a c t i c e s
( a )  H a n d l i n g  and G e n e r a l  Work P r a c t i c e s

( 1 )  O p e r a t i n g  i n s t r u c t i o n s  f o r  a l l  eq u ip m e n t  s h a l l  be  d e v e lo p e d  
and p o s t e d  w here  s t y r e n e  i s  h a n d l e d  o r  u s e d .

( 2 )  T r a n s p o r t a t i o n  and  u s e  o f  s t y r e n e  s h a l l  comply w i t h  a l l  
a p p l i c a b l e  l o c a l ,  S t a t e ,  and F e d e r a l  r e g u l a t i o n s .

( 3 )  S t y r e n e  s h a l l  be s t o r e d  i n  t i g h t l y  c l o s e d  c o n t a i n e r s  i n  
w e l l - v e n t i l a t e d  a r e a s .

( 4 )  C o n t a i n e r s  s h a l l  be  moved o n l y  w i t h  th e  p r o p e r  e q u ip m e n t  and 
s h a l l  be s e c u r e d  to  p r e v e n t  l o s s  o f  c o n t r o l  o r  d r o p p i n g  d u r i n g  t r a n s p o r t .

( 5 )  S t o r a g e  f a c i l i t i e s  s h a l l  be d e s i g n e d  to  c o n t a i n  s p i l l s  
c o m p l e t e l y  w i t h i n  s u r r o u n d i n g  d i k e s  and t o  p r e v e n t  c o n t a m i n a t i o n  o f  workroom 
a i r .
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( 6 )  V e n t i l a t i o n  s w i t c h e s  and emergency r e s p i r a t o r y  e q u ip m e n t  s h a l l  
be  l o c a t e d  o u t s i d e  s t o r a g e  a r e a s  i n  r e a d i l y  a c c e s s i b l e  l o c a t i o n s  t h a t  w i l l  
r e m a in  o n l y  m i n i m a l l y  c o n t a m i n a t e d  w i t h  s t y r e n e  i n  a n  em erg en cy .

( 7 )  P r o c e s s  v a l v e s  and pumps s h a l l  be r e a d i l y  a c c e s s i b l e  and s h a l l
n o t  be  l o c a t e d  i n  p i t s  o r  c o n g e s t e d  a r e a s .

( 8 )  S t y r e n e  c o n t a i n e r s  and s y s t e m s  s h a l l  be h a n d l e d  and opened
w i t h  c a r e .  Approved p r o t e c t i v e  c l o t h i n g  and e q u ip m e n t  a s  s p e c i f i e d  i n
S e c t i o n  4 s h a l l  be  worn by w o r k e r s  who open ,  c o n n e c t ,  and d i s c o n n e c t  s t y r e n e  
c o n t a i n e r s  and s y s t e m s .  A d eq u a te  v e n t i l a t i o n  s h a l l  be  p r o v i d e d  to  min imiz e  
e x p o s u r e s  o f  s u c h  w o r k e r s  to  a i r b o r n e  s t y r e n e .

( 9 )  S t y r e n e  s t o r a g e  e q u ip m e n t  and s y s t e m s  s h a l l  be  i n s p e c t e d  d a i l y  
f o r  s i g n s  o f  l e a k a g e .  A l l  e q u i p m e n t ,  i n c l u d i n g  v a l v e s ,  f i t t i n g s ,  and 
c o n n e c t i o n s ,  s h a l l  be  checked  f o r  l e a k s  i m m e d ia t e ly  a f t e r  s t y r e n e  i s  
i n t r o d u c e d  t h e r e i n .

(1 0 )  When a  l e a k  i s  fo u n d ,  i t  s h a l l  be  r e p a i r e d  p r o m p t l y .  Work 
s h a l l  resume n o r m a l l y  o n l y  a f t e r  n e c e s s a r y  r e p a i r  o r  r e p l a c e m e n t  has  been  
c o m p l e t e d ,  and th e  a r e a  has  b een  w e l l  v e n t i l a t e d .

( b )  E n g i n e e r i n g  C o n t r o l s
(1 )  E n g i n e e r i n g  c o n t r o l s  s h a l l  be  u s e d  when needed  to  m a i n t a i n  

e x p o s u r e  to  a i r b o r n e  s t y r e n e  w i t h i n  t h e  l i m i t s  p r e s c r i b e d  i n  S e c t i o n  1 ( a ) .  
Complete  c o n t a i n m e n t  o f  the  v a p o r  i s  t h e  recommended method f o r  c o n t r o l  of 
s t y r e n e  e x p o s u r e .  L o c a l  e x h a u s t  v e n t i l a t i o n  may a l s o  be e f f e c t i v e  when used  
a l o n e  o r  i n  c o m b i n a t i o n  w i t h  p r o c e s s  e n c l o s u r e .  When a l o c a l  e x h a u s t  
v e n t i l a t i o n  s y s t e m  i s  u s e d ,  i t  s h a l l  be d e s i g n e d  and o p e r a t e d  so a s  to  
p r e v e n t  a c c u m u l a t i o n  o r  r e c i r c u l a t i o n  o f  a i r b o r n e  s t y r e n e  i n t o  th e  w o rk p la c e  
e n v i r o n m e n t  and to  e f f e c t i v e l y  m a i n t a i n  s a f e  l e v e l s  o f  s t y r e n e  i n  the
b r e a t h i n g  z o n e s  o f  w o r k e r s .  E x h a u s t  v e n t i l a t i o n  s y s t e m s  d i s c h a r g i n g  to
o u t s i d e  a i r  s h a l l  conform w i t h  a p p l i c a b l e  l o c a l ,  S t a t e ,  and F e d e r a l  a i r  
p o l l u t i o n  r e g u l a t i o n s  and s h a l l  n o t  c o n s t i t u t e  a h a z a r d  t o  w o r k e r s  o r  to  the  
g e n e r a l  p o p u l a t i o n .  B e f o r e  m a i n t e n a n c e  work on c o n t r o l  e q u i p m e n t  b e g i n s ,  
the  g e n e r a t i o n  o f  a i r b o r n e  s t y r e n e  s h a l l  be e l i m i n a t e d  to  t h e  e x t e n t
f e a s i b l e .

E n c l o s u r e s ,  e x h a u s t  hoo d s ,  and du c tw o rk  s h a l l  be k e p t  i n  good r e p a i r  so 
t h a t  d e s i g n e d  a i r f l o w s  a r e  m a i n t a i n e d .  Measu rements  s u c h  a s  c a p t u r e  
v e l o c i t y ,  d u c t  v e l o c i t y ,  o r  s t a t i c  p r e s s u r e  s h a l l  be made a t  l e a s t
s e m i a n n u a l l y ,  and p r e f e r a b l y  m o n t h l y ,  to  d e m o n s t r a t e  t h e  e f f e c t i v e n e s s  of  
the  m e c h a n i c a l  v e n t i l a t i o n  s y s t e m .  The u s e  o f  c o n t i n u o u s  a i r f l o w  
i n d i c a t o r s ,  s u c h  a s  w a t e r  o r  o i l  manom ete rs  marked to  i n d i c a t e  a c c e p t a b l e  
a i r f l o w ,  i s  recommended. A lo g  s h a l l  be  k e p t  showing d e s i g n  a i r f l o w  and the  
r e s u l t s  o f  a l l  a i r f l o w  m e a s u r e m e n t s .  M easu re ments  o f  t h e  e f f e c t i v e n e s s  of  
t h e  s y s te m  to  c o n t r o l  e x p o s u r e s  s h a l l  a l s o  be made a s  soon a s  p o s s i b l e  a f t e r  
any change  i n  p r o d u c t i o n ,  p r o c e s s ,  o r  c o n t r o l  w h ich  may r e s u l t  i n  any 
i n c r e a s e  i n  a i r b o r n e  c o n c e n t r a t i o n s  o f  s t y r e n e .
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( 2 )  F o r c e d - d r a f t  v e n t i l a t i o n  s y s t e m s  s h a l l  be  e q u i p p e d  w i t h  r em ote  
manual  c o n t r o l s  and s h o u l d  be d e s i g n e d  to  s h u t  o f f  a u t o m a t i c a l l y  i n  the  
e v e n t  o f  a  f i r e  i n  t h e  s t y r e n e  work a r e a .

( c )  C o n f i n e d  o r  E n c l o s e d  S p a c e s
( 1 )  E n t r y  i n t o  c o n f i n e d  o r  e n c l o s e d  s p a c e s ,  su ch  a s  t a n k s ,  p i t s ,  

t a n k  c a r s ,  and  p r o c e s s  v e s s e l s ,  w here  t h e r e  i s  l i m i t e d  e g r e s s ,  s h a l l  be 
c o n t r o l l e d  by a p e r m i t  sy s t e m .  P e r m i t s  s h a l l  be  s i g n e d  by an  a u t h o r i z e d  
e m ploye r  r e p r e s e n t a t i v e  and s h a l l  c e r t i f y  t h a t  p r e p a r a t i o n  o f  t h e  c o n f i n e d  
s p a c e ,  p r e c a u t i o n a r y  m e a s u r e s ,  and p e r s o n a l  p r o t e c t i v e  e q u ip m e n t  a r e  
a d e q u a t e  and t h a t  p r e c a u t i o n s  have  b e e n  t a k e n  to  e n s u r e  t h a t  p r e s c r i b e d  
p r o c e d u r e s  w i l l  be  f o l l o w e d .

( 2 )  C o n f in e d  s p a c e s  t h a t  have  c o n t a i n e d  s t y r e n e  s h a l l  be 
t h o r o u g h l y  v e n t i l a t e d ,  i n s p e c t e d ,  and t e s t e d  f o r  oxygen d e f i c i e n c y  and f o r  
t h e  p r e s e n c e  o f  s t y r e n e  and any o t h e r  known o r  s u s p e c t e d  c o n t a m i n a n t s .
Every  e f f o r t  s h a l l  be  made to  p r e v e n t  i n a d v e r t e n t  r e l e a s e  o f  h a z a r d o u s
amounts  o f  s t y r e n e  i n t o  c o n f i n e d  s p a c e s  i n  w h ich  work i s  i n  p r o g r e s s .  
S t y r e n e  s u p p l y  l i n e s  s h a l l  be  d i s c o n n e c t e d  o r  b l o c k e d  o f f  b e f o r e  and w h i l e  
s u c h  work i s  i n  p r o g r e s s .

(3 )  No w o r k e r  s h a l l  e n t e r  any c o n f i n e d  s p a c e  t h a t  does  n o t  have an  
e n t ry w a y  l a r g e  enough to  a d m i t  a w o r k e r  w e a r i n g  s a f e t y  h a r n e s s ,  l i f e l i n e ,  
and a p p r o p r i a t e  r e s p i r a t o r y  e q u i p m e n t  a s  s p e c i f i e d  i n  S e c t i o n  4 ( c ) .

( 4 )  C o n f i n e d  s p a c e s  s h a l l  be  v e n t i l a t e d  w h i l e  work i s  i n  p r o g r e s s  
to  k e e p  th e  c o n c e n t r a t i o n  of  s t y r e n e  a t  o r  below th e  recommended l i m i t s ,  to  
ke ep  t h e  c o n c e n t r a t i o n  of  o t h e r  c o n t a m i n a n t s  below d a n g e r o u s  l e v e l s ,  and to  
p r e v e n t  oxygen d e f i c i e n c y .

( 5 )  I f  t h e  c o n c e n t r a t i o n  o f  s t y r e n e  i n  t h e  c o n f i n e d  s p a c e  e x c e e d s
t h e  recommended e n v i r o n m e n t a l  l i m i t ,  r e s p i r a t o r y  p r o t e c t i v e  e q u ip m e n t  i s
r e q u i r e d  f o r  e n t r y .

(6 )  Anyone e n t e r i n g  a c o n f i n e d  s p a c e  s h a l l  be k e p t  u n d e r  
o b s e r v a t i o n  from the  o u t s i d e  by a n o t h e r  p r o p e r l y  t r a i n e d  and p r o t e c t e d  
w o r k e r .  An a d d i t i o n a l  s u p p l i e d - a i r  o r  s e l f - c o n t a i n e d  b r e a t h i n g  a p p a r a t u s  
w i t h  s a f e t y  h a r n e s s  and l i f e l i n e  s h a l l  be  l o c a t e d  o u t s i d e  t h e  c o n f i n e d  sp ace  
f o r  emergency u s e .  The p e r s o n  e n t e r i n g  th e  c o n f i n e d  s p a c e  s h a l l  m a i n t a i n  
c o n t i n u o u s  com m u n ica t io n  w i t h  t h e  s t a n d b y  w o r k e r .

( d )  Emergency P r o c e d u r e s
Emergency p l a n s  and p r o c e d u r e s  s h a l l  be d e v e l o p e d  f o r  a l l  work a r e a s  

whe re  t h e r e  i s  a p o t e n t i a l  f o r  e x p o s u r e  to  s t y r e n e .  They s h a l l  i n c l u d e  
t h o s e  p r o c e d u r e s  s p e c i f i e d  be low a s  w e l l  a s  any o t h e r s  c o n s i d e r e d  
a p p r o p r i a t e  f o r  a s p e c i f i c  o p e r a t i o n  o r  p r o c e s s .  Work ers  s h a l l  be 
i n s t r u c t e d  i n  t h e  e f f e c t i v e  i m p l e m e n t a t i o n  o f  t h e s e  p l a n s  and p r o c e d u r e s .
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( 1 )  I f  s t y r e n e  l e a k s  o r  s p i l l s ,  t h e  f o l l o w i n g  s t e p s  s h a l l  be  t a k e n :
(A) A l l  n o n e s s e n t i a l  p e r s o n n e l  s h a l l  be e v a c u a t e d  from the

l e a k  o r  s p i l l  a r e a .
(B) The a r e a  where  t h e  l e a k  o r  s p i l l  o c c u r s  s h a l l  be 

a d e q u a t e l y  v e n t i l a t e d  to  p r e v e n t  t h e  a c c u m u l a t i o n  o f  v a p o r .
(C) The s t y r e n e  s h a l l  be c o l l e c t e d  f o r  r e c l a m a t i o n  o r  be

a b s o r b e d  on v e r m i c u l i t e ,  d r y  s a n d ,  e a r t h ,  o r  s i m i l a r  n o n r e a c t i v e  m a t e r i a l
and be d i s p o s e d  o f  p r o p e r l y .

(2 )  Only p e r s o n n e l  t r a i n e d  i n  t h e  emergency p r o c e d u r e s  and
p r o t e c t e d  a g a i n s t  t h e  a t t e n d a n t  h a z a r d s  s h a l l  c l e a n  up s p i l l s ,  c o n t r o l  and 
r e p a i r  l e a k s ,  and f i g h t  f i r e s  i n  a r e a s  where  s t y r e n e  i s  p r e s e n t .

(3 )  P e r s o n n e l  e n t e r i n g  t h e  s p i l l  o r  l e a k  a r e a  s h a l l  be  f u r n i s h e d  
w i t h  a p p r o p r i a t e  p e r s o n a l  p r o t e c t i v e  c l o t h i n g  and e q u ip m e n t .  O t h e r  
p e r s o n n e l  s h a l l  be p r o h i b i t e d  f rom e n t e r i n g  th e  a r e a .

(4 )  S a f e t y  sh o w ers ,  eyewash f o u n t a i n s ,  and washroom f a c i l i t i e s  
s h a l l  be  p r o v i d e d ,  m a i n t a i n e d  i n  w o rk in g  c o n d i t i o n ,  and l o c a t e d  so a s  to  be 
r e a d i l y  a c c e s s i b l e  to  w o r k e r s  i n  a l l  a r e a s  where  s k i n  o r  eye c o n t a c t  w i t h  
s t y r e n e  i s  l i k e l y .  I f  s t y r e n e  i s  s p l a s h e d  o r  s p i l l e d  on a w o r k e r ,  
c o n t a m i n a t e d  c l o t h i n g  s h a l l  be removed p r o m p t l y  and th e  s k i n  washed
t h o r o u g h l y  w i t h  soap and w a t e r .  Eyes s p l a s h e d  by s t y r e n e  s h a l l  be i r r i g a t e d  
i m m e d ia t e ly  w i t h  a c o p i o u s  f low  o f  w a t e r  f o r  15 m i n u t e s .  I f  i r r i t a t i o n  
p e r s i s t s ,  g e t  m e d i c a l  a t t e n t i o n .

( e )  S t o r a g e
S t y r e n e  s h a l l  be s t o r e d  i n  w e l l - v e n t i l a t e d  a r e a s  and k e p t  away from

i g n i t i o n  s o u r c e s  su ch  a s  h e a t  o r  s p a r k s  and from o x i d i z i n g  a g e n t s ,  
c a t a l y s t s ,  and s t r o n g  a c i d s .  I f  s t y r e n e  i s  s t o r e d  more t h a n  30 days  a t  32°C 
( a b o u t  90°F)  o r  a b o v e ,  t h e  i n h i b i t o r  c o n c e n t r a t i o n  s h a l l  be checked  
p e r i o d i c a l l y .  La rge  s t y r e n e  s t o r a g e  c o n t a i n e r s  s h o u l d  be i n s t a l l e d  w i t h  a 
t e m p e r a t u r e  a l a r m  sy s tem  to  s i g n a l  i n t e r i o r  t e m p e r a t u r e  i n c r e a s e s  t h a t  may 
r e s u l t  i n  runaway p o l y m e r i z a t i o n ,  a s p e c i a l  c o n c e r n  i n  h o t  c l i m a t e s .  The 
r a t e  o f  p o ly m e r  f o r m a t i o n  i n  s t o r a g e  t a n k s  c a n  be r e d u c e d  by c o o l i n g  th e
tan k  by means o f  a w a t e r  s p r a y ,  r e f r i g e r a t i o n ,  i n s u l a t i o n ,  o r  r e f l e c t i v e
p a i n t i n g .  I n  a l a b o r a t o r y ,  s a m p le s  o f  s t y r e n e  may be s t o r e d  i n  
r e f r i g e r a t o r s  o r  c o l d  b o x e s .

S e c t i o n  7 - S a n i t a t i o n
( a )  The p r e p a r a t i o n ,  s t o r a g e ,  d i s p e n s i n g  ( i n c l u d i n g  v e n d i n g  m a c h i n e s ) ,  

o r  c o n s u m p t io n  of  food  s h a l l  be p r o h i b i t e d  i n  a r e a s  whe re  s t y r e n e  i s  
m a n u f a c t u r e d ,  f o r m u l a t e d ,  p r o c e s s e d ,  s t o r e d ,  o r  o t h e r w i s e  u s e d .
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(b )  Smoking s h a l l  be  p r o h i b i t e d  i n  a r e a s  where  s t y r e n e  i s  m a n u f a c t u r e d ,  
f o r m u l a t e d ,  p r o c e s s e d ,  s t o r e d ,  o r  o t h e r w i s e  u s e d .

( c )  W ork ers  who h a n d l e  s t y r e n e  o r  e q u ip m e n t  c o n t a m i n a t e d  w i t h  s t y r e n e  
s h a l l  be i n s t r u c t e d  to  wash t h e i r  hands t h o r o u g h l y  w i t h  soap  o r  m i ld  
d e t e r g e n t  and w a t e r  b e f o r e  e a t i n g ,  smoking ,  o r  u s i n g  t o i l e t  f a c i l i t i e s .

( d )  F a c i l i t i e s  such a s  d o u b l e  l o c k e r s  s h o u l d  be  p r o v i d e d  f o r  w o r k e r s  so 
s o i l e d  c l o t h i n g  c a n  be s t o r e d  s e p a r a t e l y  f rom c l e a n  c l o t h i n g .

S e c t i o n  8 -  E x p o s u re  M o n i t o r i n g  and  R e c o r d k e e p i n g  R e q u i r e m e n t s  
( a )  E x p o s u re  M o n i t o r i n g

(1 )  The em ployer  s h a l l  c o n d u c t  an  i n d u s t r i a l  h y g i e n e  s u r v e y  to  
d e t e r m i n e  w h e t h e r  e x p o s u r e s  to  a i r b o r n e  c o n c e n t r a t i o n s  o f  s t y r e n e  a r e  i n  
e x c e s s  o f  the  a c t i o n  l e v e l  ( i . e . ,  25 ppm d e t e r m i n e d  a s  a TWA o v e r  the  
w o r k s h i f t ) .  The em ployer  s h a l l  k e e p  r e c o r d s  o f  t h e s e  s u r v e y s .  I f  the  
em p lo y e r  c o n c l u d e s  t h a t  e x p o s u r e s  a r e  below th e  a c t i o n  l e v e l ,  t h e  r e c o r d s  
must  show t h e  b a s i s  f o r  t h i s  c o n c l u s i o n .  S u r v e y s  s h a l l  be  r e p e a t e d  a t  l e a s t  
a n n u a l l y  and  w i t h i n  30 days  o f  any p r o c e s s  ch an ge l i k e l y  t o  r e s u l t  i n  an  
i n c r e a s e d  c o n c e n t r a t i o n  o f  a i r b o r n e  s t y r e n e .

( 2 )  I f  t h e r e  i s  e x p o s u r e  to  s t y r e n e  a t  o r  above  th e  a c t i o n  l e v e l ,  
a  p ro g ram  o f  p e r s o n a l  m o n i t o r i n g  s h a l l  be i n s t i t u t e d  to  i d e n t i f y  and 
m e a s u r e ,  o r  to  p e r m i t  c a l c u l a t i o n  o f ,  th e  e x p o s u r e  o f  e a c h  w o rk e r  
o c c u p a t i o n a l l y  exposed  t o  a i r b o r n e  s t y r e n e .  S o u r c e  and  a r e a  m o n i t o r i n g  may 
be a  u s e f u l  s u p p l e m e n t  to  p e r s o n a l  m o n i t o r i n g .  I n  a l l  p e r s o n a l  m o n i t o r i n g ,  
s a m p le s  r e p r e s e n t a t i v e  o f  t h e  TWA and  c e i l i n g  e x p o s u r e s  to  a i r b o r n e  s t y r e n e  
s h a l l  be c o l l e c t e d  i n  t h e  b r e a t h i n g  zone o f  t h e  w o r k e r .  P r o c e d u r e s  f o r  
s a m p l in g  and a n a l y s i s  s h a l l  be i n  a c c o r d a n c e  w i t h  S e c t i o n  1 ( b ) .  F o r  e a c h  
d e t e r m i n a t i o n  o f  an  o c c u p a t i o n a l  e x p o s u r e  c o n c e n t r a t i o n ,  a s u f f i c i e n t  number  
o f  s a m p le s  s h a l l  be  c o l l e c t e d  t o  c h a r a c t e r i z e  e a c h  w o r k e r ' s  e x p o s u r e  d u r i n g  
e a c h  w o r k s h i f t .  While  a l l  w o r k e r s  do n o t  have  to  be m o n i t o r e d ,  s u f f i c i e n t  
s a m p le s  s h o u l d  be c o l l e c t e d  to  c h a r a c t e r i z e  the  e x p o s u r e  o f  a l l  w o r k e r s .  
V a r i a t i o n s  i n  work and p r o d u c t i o n  s c h e d u l e s ,  a s  w e l l  a s  w o r k e r  l o c a t i o n s  and 
j o b  f u n c t i o n s ,  s h a l l  be  c o n s i d e r e d  i n  d e c i s i o n s  on s a m p l in g  l o c a t i o n s ,  
t i m e s ,  and f r e q u e n c i e s .

I f  a w o r k e r  i s  found t o  be e x p o s e d  to  s t y r e n e  a t  o r  above  th e  a c t i o n  
l e v e l  b u t  below th e  recommended e n v i r o n m e n t a l  l i m i t s ,  t h e  e x p o s u r e  o f  t h a t  
w o r k e r  s h a l l  be m o n i t o r e d  a t  l e a s t  once e v e r y  6 months  o r  a s  o t h e r w i s e  
i n d i c a t e d  by a p r o f e s s i o n a l  i n d u s t r i a l  h y g i e n i s t .  I f  a w o r k e r  i s  fo und  to  
be e x p o se d  to  s t y r e n e  i n  e x c e s s  o f  t h e  recommended e n v i r o n m e n t a l  l i m i t s ,  
c o n t r o l s  s h a l l  be i n i t i a t e d ,  t h e  w o r k e r  s h a l l  be  n o t i f i e d  o f  t h e  e x p o s u r e  
and o f  the  c o n t r o l  m e a s u re s  b e i n g  im p le m e n te d ,  and t h e  e x p o s u r e  o f  t h a t  
w o r k e r  s h a l l  be  e v a l u a t e d  a t  l e a s t  once  a  week.  Such m o n i t o r i n g  s h a l l  
c o n t i n u e  u n t i l  two c o n s e c u t i v e  d e t e r m i n a t i o n s ,  a t  l e a s t  1 week a p a r t ,  
i n d i c a t e  t h a t  t h e  w o r k e r ' s  e x p o s u r e  no l o n g e r  e x c e e d s  th e  recommended 
l i m i t s .  A t  t h a t  p o i n t ,  s e m ia n n u a l  m o n i t o r i n g  s h a l l  t h e n  be re sum ed .
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R e c o r d s  o f  t h e  m o n i t o r i n g  u s e d  to  c h a r a c t e r i z e  the  e n v i r o n m e n t a l  
e x p o s u r e s  f o r  e a c h  w o rk e r  s h a l l  be r e t a i n e d  f o r  a t  l e a s t  30 y e a r s  a f t e r  th e  
i n d i v i d u a l ' s  employment  has  e n d e d .  These  r e c o r d s  s h a l l  i n c l u d e  the  name o f  
t h e  w o r k e r  being^ m o n i t o r e d ;  S o c i a l  S e c u r i t y  number;  d u t i e s  p e r f o r m e d  and jo b  
l o c a t i o n s  w i t h i n  t h e  w o r k s i t e ;  d a t e s  and  t im e s  o f  m e a s u re m e n t s ;  s a m p l in g  and 
a n a l y t i c a l  methods  u s e d ;  number ,  d u r a t i o n ,  and r e s u l t s  o f  s a m p le s  t a k e n ;  and 
th e  t y p e  o f  p e r s o n a l  p r o t e c t i o n  u s e d ,  i f  an y .  Worke rs  s h a l l  be  a b l e  to  
o b t a i n  i n f o r m a t i o n  on t h e i r  own e n v i r o n m e n t a l  e x p o s u r e s .  W orkp lace  
e n v i r o n m e n t a l  m o n i t o r i n g  r e c o r d s  s h a l l  be  made a v a i l a b l e  to  d e s i g n a t e d  
r e p r e s e n t a t i v e s  o f  th e  S e c r e t a r y  of  L a b o r ,  t h e  S e c r e t a r y  o f  H e a l t h  and Human 
S e r v i c e s ,  and t h e  w o rk e r  o r  fo r m e r  w o r k e r .

P e r t i n e n t  m e d i c a l  r e c o r d s  ( i . e . ,  r e s u l t s  o f  m e d i c a l  e x a m i n a t i o n  r e s u l t s ,  
th e  p h y s i c i a n ' s  w r i t t e n  o p i n i o n ,  m e d i c a l  c o m p l a i n t s ,  m e d i c a l  and work 
h i s t o r i e s ,  e t c . )  f o r  a l l  w o r k e r s  s u b j e c t  to  e x p o s u r e  to  s t y r e n e  i n  the  
w o r k p l a c e  s h a l l  be r e t a i n e d  by t h e  em p lo y e r  f o r  a t  l e a s t  30 y e a r s  a f t e r  
t e r m i n a t i o n  o f  employment .  C o p ie s  of  e n v i r o n m e n t a l  m o n i t o r i n g  d a t a  
a p p l i c a b l e  to  a w o r k e r  s h a l l  be  i n c l u d e d  i n  t h a t  w o r k e r ' s  m e d i c a l  r e c o r d s .  
T hese  m e d i c a l  r e c o r d s  s h a l l  be  made a v a i l a b l e  to  t h e  d e s i g n a t e d  m e d i c a l  
r e p r e s e n t a t i v e s  o f  the  S e c r e t a r y  o f  L a b o r ,  t h e  S e c r e t a r y  of  H e a l t h  and Human 
S e r v i c e s ,  t h e  e m p lo y e r ,  and th e  w o r k e r  o r  f o r m e r  w o r k e r .

( b )  R e c o r d k e e p in g
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I I .  INTRODUCTION

T h i s  r e p o r t  p r e s e n t s  the  c r i t e r i a  and recommended s t a n d a r d s  t h a t  have 
been  p r e p a r e d  t o  m ee t  t h e  need  f o r  p r e v e n t i n g  im p a i r m e n t  o f  h e a l t h  a r i s i n g  
from e x p o s u r e  to  s t y r e n e .  The c r i t e r i a  document  i s  d e v e l o p e d  by the 
S e c r e t a r y  o f  H e a l t h  and Human S e r v i c e s ,  i n  r e s p o n s e  t o  S e c t i o n  2 0 ( a ) ( 3 )  of  
th e  O c c u p a t i o n a l  S a f e t y  and H e a l t h  A c t  o f  1970,  to  " d e v e l o p  c r i t e r i a  d e a l i n g  
w i t h  t o x i c  m a t e r i a l s  and h a r m f u l  p h y s i c a l  a g e n t s  and s u b s t a n c e s  w h ich  w i l l  
d e s c r i b e . . . e x p o s u r e  l e v e l s  a t  w h ic h  no w o r k e r  w i l l  s u f f e r  i m p a i r e d  h e a l t h  o r  
f u n c t i o n a l  c a p a c i t i e s  o r  d i m i n i s h e d  l i f e  e x p e c t a n c y  a s  a r e s u l t  o f  h i s  work 
e x p e r i e n c e . "

NIOSH h a s  f o r m a l i z e d  a  s y s te m  f o r  t h e  d e v e lo p m e n t  o f  c r i t e r i a  on w hic h  
s t a n d a r d s  c o u l d  be e s t a b l i s h e d  t o  p r o t e c t  the  h e a l t h  and p r o v i d e  f o r  the  
s a f e t y  o f  w o r k e r s  f rom e x p o s u r e  to  h a z a r d o u s  c h e m i c a l  and p h y s i c a l  a g e n t s .  
The c r i t e r i a  and recommended s t a n d a r d  a r e  i n t e n d e d  to  e n a b l e  management and 
l a b o r  to  d e v e l o p  b e t t e r  e n g i n e e r i n g  c o n t r o l s  and more h e a l t h f u l  work 
p r a c t i c e s ,  and  to  comply w i t h  t h e  recommended e n v i r o n m e n t a l  l i m i t s  s h o u ld  
n o t  be th e  f i n a l  g o a l .

Th ese  c r i t e r i a  f o r  a recommended s t a n d a r d  f o r  s t y r e n e  a r e  p a r t  o f  a 
c o n t i n u i n g  s e r i e s  o f  r e com m enda t ions  d e v e l o p e d  by NIOSH. The p r o p o s e d  
s t a n d a r d  a p p l i e s  o n ly  to  w o r k p l a c e  e x p o s u r e  a r i s i n g  from th e  p r o c e s s i n g ,  
m a n u f a c t u r i n g ,  h a n d l i n g ,  and u s e  o f  s t y r e n e .  The s t a n d a r d  i s  n o t  d e s i g n e d  
f o r  t h e  p o p u l a t i o n - a t - l a r g e ,  and any e x t r a p o l a t i o n  beyond th e  o c c u p a t i o n a l  
e n v i r o n m e n t  i s  n o t  w a r r a n t e d .  I t  i s  i n t e n d e d  t o :  (1 )  p r o v i d e  p r o t e c t i o n
a g a i n s t  t h e  d e v e lo p m e n t  o f  s y s t e m i c  e f f e c t s  and l o c a l  e f f e c t s  on th e  s k i n  
and e y e s  o f  w o r k e r s ,  and (2 )  be m e a s u r a b l e  by t e c h n i q u e s  t h a t  a r e  v a l i d ,  
r e p r o d u c i b l e ,  and a v a i l a b l e  t o  i n d u s t r y  and gove rnm en t  a g e n c i e s .

S t y r e n e  i s  u s e d  e x t e n s i v e l y  i n  t h e  m a n u f a c t u r e  o f  p l a s t i c s  and r u b b e r .  
The p r i n c i p a l  a c u t e  h a z a r d s  f rom w o r k e r  e x p o s u r e  to  s t y r e n e  a r e  c e n t r a l  
n e r v o u s  s y s t e m  (CNS) d e p r e s s i o n  and  i r r i t a t i o n  o f  t h e  s k i n ,  e y e s ,  and u p p e r  
r e s p i r a t o r y  t r a c t .  The p o s s i b i l i t y  o f  s t y r e n e - r e l a t e d  a d v e r s e  h e a l t h  
e f f e c t s  s u c h  a s  damage to  t h e  c e n t r a l  and p e r i p h e r a l  n e r v o u s  s y s t e m s ,  b i r t h  
d e f e c t s ,  chromosomal  a b e r r a t i o n s ,  s i s t e r  c h r o m a t i d  e x c h a n g e s ,  u n s c h e d u l e d  
DNA s y n t h e s i s ,  im p a i r e d  pu lm onary  f u n c t i o n ,  l i v e r  i n j u r y ,  and 
c a r c i n o g e n i c i t y  has  a l s o  b een  s u g g e s t e d .  F u r t h e r  s t u d y  o f  t h e s e  l a t t e r  
e f f e c t s  w i l l  h e l p  to  e l u c i d a t e  t h e i r  e t i o l o g y .
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I I I .  SCOPE OF THE DOCUMENT

T h i s  document  a s s e s s e s  t h e  h a z a r d s  o f  o c c u p a t i o n a l  e x p o s u r e  to  s t y r e n e ,  
a  c o m m e r c i a l l y  i m p o r t a n t  compound. T h i s  c h a p t e r  g i v e s  i n f o r m a t i o n  on th e  
p h y s i c a l  and c h e m i c a l  p r o p e r t i e s  o f  s t y r e n e ,  i t s  p r o d u c t i o n  methods and 
u s e s ,  and th e  e x t e n t  o f  w o r k e r  e x p o s u r e .  C h a p t e r  IV d i s c u s s e s  and 
summar izes  th e  e f f e c t s  o f  s t y r e n e  e x p o s u r e  on humans and a n i m a l s .  
S u b s e q u e n t  c h a p t e r s  d e s c r i b e  e n v i r o n m e n t a l  s a m p l in g  and a n a l y t i c a l  methods  
f o r  s t y r e n e ,  b i o l o g i c a l  m o n i t o r i n g  t e c h n i q u e s ,  e x i s t i n g  o c c u p a t i o n a l  h e a l t h  
s t a n d a r d s ,  and  a  c o r r e l a t i o n  o f  e x p o s u r e  and e f f e c t .  I n  a d d i t i o n ,  methods  
f o r  w o r k e r  p r o t e c t i o n  a r e  d i s c u s s e d  and i n c l u d e  s u g g e s t e d  work p r a c t i c e s ,  
e n g i n e e r i n g  c o n t r o l s ,  p e r s o n a l  p r o t e c t i v e  c l o t h i n g  and e q u ip m e n t ,  and 
m o n i t o r i n g  and  r e c o r d k e e p i n g .

M ost  o f  t h e  c l i n i c a l  s t u d i e s  c i t e d  i n  C h a p t e r  IV. E f f e c t s  o f  Exposu re  
a r e  b a s e d  on th e  e v a l u a t i o n  o f  w o r k e r s  i n  t h e  r e i n f o r c e d  p l a s t i c s  i n d u s t r y ,  
a l o n g  w i t h  a number o f  s t u d i e s  o f  w o r k e r s  who p ro d u c e  s t y r e n e  and 
p o l y s t y r e n e .  S i n c e  th e  f o r m u l a t i o n  o f  s t y r e n e - b u t a d i e n e  r u b b e r  (SBR) 
i n v o l v e s  numerous s u b s t a n c e s  b e s i d e s  s t y r e n e  and b u t a d i e n e ,  and a l s o  s i n c e  
many o t h e r  s u b s t a n c e s  a r e  e m i t t e d  d u r i n g  v u l c a n i z a t i o n  and  c u r i n g ,  t h e  
l i k e l i h o o d  o f  any e f f e c t s  b e i n g  due to  s t y r e n e  a l o n e  a r e  q u i t e  s m a l l ,  
a l t h o u g h  s t y r e n e  c o u l d  be a c o n t r i b u t i n g  f a c t o r .  F o r  exam ple ,  among w o r k e r s  
who p ro d u c e  SBR, a d r e n o c o r t i c a l  i n s u f f i c i e n c y  [ 1 ] ,  e n l a r g e d  l i v e r  and s p l e e n
[ 2 ] ,  i n f l a m m a t i o n  o f  the  g a l l  b l a d d e r  [ 2 , 3 ] ,  and d e g e n e r a t i o n  o f  t h e  
c a p i l l a r i e s  [ 4 ] ,  have  been  r e p o r t e d .  T hese  e f f e c t s  a r e  d i f f e r e n t  f rom th o s e  
r e p o r t e d  to  have  o c c u r r e d  among w o r k e r s  i n  o t h e r  o c c u p a t i o n a l  s e t t i n g s  where  
s t y r e n e  i s  made o r  u s e d .  A d e t a i l e d  d i s c u s s i o n  of  t h e  SBR i n d u s t r y  i s  
beyond t h e  scope  o f  t h i s  document .

P h y s i c a l  and  C hem ica l  P r o p e r t i e s
S t y r e n e ,  a l s o  known a s  v i n y l b e n z e n e  o r  p h e n y l e t h y l e n e ,  i s  an  a r o m a t i c  

o r g a n i c  compound w i t h  the  c h e m i c a l  f o r m u l a  C6 H5 CH=CH2 . S t y r e n e  i s  a 
v o l a t i l e  l i q u i d  w i t h  a low v a p o r  p r e s s u r e  [ 5 ] ,  The odor  t h r e s h o l d  i s  below 
1 ppm [ 6 , 7 , 8 ] .  I d e n t i f i e r s  f o r  s t y r e n e  i n c l u d e  t h e  C hem ica l  A b s t r a c t s  
S e r v i c e  R e g i s t r y  No. 100-42 -5  and t h e  R e g i s t r y  o f  T o x ic  E f f e c t s  o f  Chemica l  
S u b s t a n c e s  No. WL3675000. S t a n d a r d  s p e c i f i c a t i o n s  f o r  s t y r e n e  have been  
i s s u e d  by t h e  Amer ican  S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s  [ 9 ] .  S t y r e n e  i s  
s o l u b l e  i n  many o r g a n i c  s o l v e n t s ,  b u t  o n ly  s l i g h t l y  s o l u b l e  i n  w a t e r  
[ 1 0 , 1 1 ] ,  O t h e r  i n f o r m a t i o n  a b o u t  s t y r e n e ,  i n c l u d i n g  some o f  i t s  c h e m i c a l  
and p h y s i c a l  p r o p e r t i e s  i s  g i v e n  i n  T a b l e  I I I - l .
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TABLE I I I - l

STYRENE PROPERTIES

Synonyms

M o l e c u l a r  f o rm u la
Formula w e i g h t
B o i l i n g  p o i n t  (760 mm Hg)
F r e e z i n g  p o i n t
D e n s i t y
S o l u b i l i t y

Cinnamene ,  c in n a m e n o l ,  c i n n a m o l ,  
e t h e n y l b e n z e n e ,  m o n o s t y r e n e ,
phene  t h y l e n e ,  p h e n y l e t h e n e ,
p h e n y l e t h y l e n e ,  s t i r o l o  ( I t a l i a n ) ,
s t y r e e n  ( D u t c h ) ,  s t y r e n  ( C z e c h ) ,  
s t y r o 1(G erm an) , s t y r o l e ,  s t y r o l e n e ,

s t y r o p o r ,
v i n y l b e n z e n e ,

s t y r o n ,  s t y r o p o l ,
v i n y l b e n z e n  ( C z e c h ) ,  
v i n y l b e n z o l  
C6H5CH=CH2 
104 .16
1 4 5 . 2°C ( 2 9 3 . 4°F)
- 3 0 . 6°C ( - 2 3 . 1°F)
0 . 9 0 1 8  g / c u  cm (25°C)
S o l u b l e  i n  e t h y l  e t h e r ,  b e n z e n e ,  
m e t h a n o l ,  t o l u e n e ,  e t h a n o l ,  a c e t o n e ,  
n - h e p t a n e ,  c a r b o n  t e t r a c h l o r i d e ,  c a r b o n  
d i s u l f i d e ;  s l i g h t l y  s o l u b l e  i n  
( a b o u t  25 mg/100 g w a t e r  a t  25°C)

wa t e r
Flammable ( e x p l o s i v e )  l i m i t s 1 . 1 - 6 . 1% by volume i n  a i  r
F l a s h p o i n t 3 4 . 4°C (94°F) Tag c l o s e d  cup

3 6 . 7°C (98°F ) Tag open cup
A u t o i g n i t i o n  t e m p e r a t u r e 490°C (914°F)
Vapor P r e s s u r e Temp e r a  t u re

°F °C mm Hg kPa
50 10 2 .3 4 0 . 3 1
68 20 4 . 5 0 0 . 6 0
77 25 6 .4 5 0 . 8 6
86 30 8 .2 1 1 .09

104 40 14 .30 1 .91
8 ,5 0 0  ppm (25°C)
1 ppm = 4 . 2 6  mg/cu m

_____________________________   1 mg/cu m = 0 .2 3 5  ppm
Ad apted  from r e f e r e n c e s  [ 5 , 1 0 , 1 2 , 1 3 , 1 4 , 1 5 ]

C o n c e n t r a t i o n  i n  s a t u r a t e d  a i r  
C o n v e r s i o n  f a c t o r s

(25°C,  760 mm Hg)_____________

D i s c o v e r y  o f  S t y r e n e ,  P r o d u c t i o n  M e th o d s ,  and Uses
S t y r e n e  was i s o l a t e d  and d e s c r i b e d  i n  1831 by B o n a s t r e  who d i s t i l l e d  a 

f r a g r a n t  n a t u r a l  b a l s a m i c  r e s i n  c a l l e d  l i q u i d  amber  [ 1 6 ] ;  t h e  r e a c t i o n  
fo rm in g  s t y r e n e  was l a t e r  shown to  be the  d e c a r b o x y l a t i o n  o f  c in n a m ic  a c i d ,  
a c o n s t i t u e n t  o f  the  n a t u r a l  r e s i n  [ 1 7 ] ,  M en t io n  o f  a s i m i l a r  i n v e s t i g a t i o n  
by Neumann was made i n  1795 by N i c h o l s o n  [ 1 8 ] .  A p r o c e d u r e  f o r  th e  
s y n t h e s i s  o f  s t y r e n e  was p u b l i s h e d  i n  1866 by B e r t h e l o t  e t  a l .  [ 1 9 ] ,  i n  
w h ich  b en zen e  and e t h y l e n e  m i x t u r e s  were  p a s s e d  t h r o u g h  a  h e a t e d  p o r c e l a i n  
t u b e .
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A l t h o u g h  s t y r e n e  was known f o r  many y e a r s  to  p o l y m e r i z e ,  t h e  f i r s t  
s u c c e s s f u l  p r o d u c t i o n  o f  h i g h  p u r i t y  s t y r e n e  was begun i n  1925 by I . G .  
F a r b e n i n d u s t r i e  o f  Germany [ 2 0 ] .  The f i r s t  s u c c e s s f u l  p r o d u c t i o n  o f  s t y r e n e  
i n  t h e  U n i t e d  S t a t e s  ( U . S . )  was begun  i n  1930 by th e  Dow C hem ica l  Company 
[ 1 7 ] .  Today ,  m o s t  s t y r e n e  c o n t i n u e s  to  be p ro d u c e d  by th e  c a t a l y t i c  
d e h y d r o g e n a t i o n  o f  e t h y l b e n z e n e  [ 2 1 , 2 2 , 2 3 ] .  R e c e n t l y ,  s t y r e n e  h a s  a l s o  b e e n  
p ro d u c e d  a s  a c o p r o d u c t  w i t h  p r o p y l e n e  o x i d e .  I n  t h i s  l a t t e r  p r o c e s s ,  
e t h y l b e n z e n e  i s  f i r s t  o x i d i z e d  to  i t s  p e r o x i d e  and i s  t h e n  r e a c t e d  w i t h  
p r o p y l e n e  to  y i e l d  p r o p y l e n e  o x i d e  and a lp h a -m e  t h y l p h e n y l  c a r b i n o l ;  the  
c a r b i n o l  i s  d e h y d r a t e d  to  s t y r e n e  [ 2 1 , 2 2 , 2 3 ] .  A lm os t  a l l  o f  t h e  
e t h y l b e n z e n e  u s e d  i n  s t y r e n e  p r o d u c t i o n  i n  the  U .S .  i s  o b t a i n e d  by o n - s i t e  
a l k y l a t i o n  o f  b e n z e n e  w i t h  e t h y l e n e  [ 2 3 ] .  A s m a l l  amount  ( 1 0 - 1 5  ppm) o f  
p - t e r t - b u t y l c a t e c h o l  i s  added  to  t h e  s t y r e n e  monomer to  p r e v e n t  s p o n t a n e o u s  
p o l y m e r i z a t i o n  [ 2 1 ] ,

The U .S .  p r o d u c t i o n  o f  s t y r e n e  grew from 2 . 4  m i l l i o n  pounds i n  1940 to  
1 ,745 m i l l i o n  pounds i n  1960,  to  a p eak  of  7 ,473  m i l l i o n  pounds i n  1979 
[ 2 3 ] ,  U .S .  s t y r e n e  p r o d u c t i o n  was 6 ,6 1 2  m i l l i o n  pounds  i n  1981 [ 2 4 ] ;  i n  
1984,  62% i s  e x p e c t e d  to  be sonsumed i n  p o l y s t y r e n e  p r o d u c t i o n ,  22% i n
cop o ly m ers  s u c h  a s  s t y r e n e - a c r y l o n i t r i l e  (SAN) and a c r y l o n i t r i l e - b u t a d i e n e -  
s t y r e n e  (ABS), 7% i n  s t y r e n e - b u t a d i e n e  r u b b e r  (SBR), 7% i n  u n s a t u r a t e d  
p o l y e s t e r  r e s i n s ,  and 2% i n  m i s c e l l a n e o u s  u s e s  [ 2 3 ] .  Many consumer  p r o d u c t s  
a r e  made from s t y r e n e - c o n t a i n i n g  compounds i n c l u d i n g  p a c k a g i n g  and 
i n s u l a t i o n  from p o l y s t y r e n e ,  p i p e s  and a u t o m o t i v e  component s  s u c h  a s  
i n s t r u m e n t  p a n e l s  and c o n s o l e s  f rom ABS, d r i n k i n g  t u m b l e r s  and  b a t t e r y  c a s e s  
f rom SAN, c a r p e t  b a c k c o a t i n g s  f rom s t y r e n e - b u t a d i e n e  l a t e x e s ,  p a s s e n g e r  c a r  
t i r e s  and i n d u s t r i a l  h o s e s  f rom SBR, and b o a t s  and open s t o r a g e  t a n k s  from 
u n s a t u r a t e d  p o l y e s t e r  r e s i n s .  Some o t h e r  e n d - u s e s  o f  s t y r e n e  a r e  shown i n  
T a b l e  X I I I - 1 .
Worker  E x p o s u re

The number  o f  w o r k e r s  i n  t h e  U .S .  p o t e n t i a l l y  ex p o sed  to  s t y r e n e  i s  
d i f f i c u l t  to  e s t i m a t e .  C u r r e n t l y ,  t h e r e  a r e  13 f a c i l i t i e s  p r o d u c i n g  s t y r e n e  
monomer [23]  w h ich  i s  m a in ly  u s e d  a s  a  c o n s t i t u e n t  i n  a  v a r i e t y  o f  d i f f e r e n t  
p l a s t i c  and  r u b b e r  i t e m s .  P o l y s t y r e n e  i s  made a t  o v e r  40 l o c a t i o n s ;  o t h e r  
s t y r e n e - c o n t a i n i n g  po ly m er r e s i n s  s u c h  a s  ABS and  SAN a r e  a l s o  p ro d u c e d  a t  
a b o u t  40 l o c a t i o n s  w i t h  some f a c i l i t i e s  p r o d u c i n g  b o t h  t y p e s  o f  r e s i n s  
[ 2 5 , 2 6 , 2 7 ] ,  About  20 f a c i l i t i e s  p ro d u c e  SBR and SBR l a t e x e s  w i t h  66% 
u t i l i z e d  i n  t h e  t i r e  and t i r e  p r o d u c t s  i n d u s t r y  [ 2 6 , 2 8 ] .  Many p l a n t s  a r e  
i n v o l v e d  w i t h  t h e  f a b r i c a t i o n  o f  r e i n f o r c e d  p l a s t i c s / c o m p o s i t e s ,  i n c l u d i n g  
h u n d re d s  o f  b o a t  p r o d u c e r s  [ 2 6 , 2 9 ] ,  T h e re  a r e  a l s o  h u n d r e d s  o f  p l a s t i c  
f a b r i c a t i o n  f a c i l i t i e s  where p o l y s t y r e n e ,  ABS, SAN, e t c . ,  a r e  cu s to m  molded,  
e x t r u d e d ,  fo rm ed ,  o r  c a s t  i n t o  th o u s a n d s  o f  f i n i s h e d  p r o d u c t s  [ 2 6 ] .  I n  
t h e s e  o p e r a t i o n s ,  s t y r e n e  e x p o s u r e  i s  due to  t h e  u n r e a c t e d  r e s i d u a l  monomer 
o r  t h e  t h e r m a l  d e g r a d a t i o n  of  t h e  p l a s t i c s .  I n  a d d i t i o n ,  e x p o s u r e s  to  
s t y r e n e  may o c c u r  d u r i n g  the  u s e  o f  m i s c e l l a n e o u s  p r o d u c t s  c o n t a i n i n g  
s t y r e n e  s u c h  a s  f l o o r  waxes and p o l i s h e s ,  p a i n t s ,  a d h e s i v e s ,  p u t t y ,  m e t a l  
c l e a n e r s ,  a u to b o d y  f i l l e r s ,  and v a r n i s h e s .  NIOSH e s t i m a t e s  t h a t  a t  l e a s t
30 ,0 0 0  w o r k e r s  i n  1 ,000  p l a n t s  a r e  p o t e n t i a l l y  ex p o sed  i n  t h e  U .S .  on a
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f u l l - t i m e  b a s i s  to  s t y r e n e  [ 3 0 ] ,  I t  i s  a l s o  e s t i m a t e d  t h a t  compounds 
c o n t a i n i n g  s t y r e n e  a r e  u t i l i z e d  i n  o v e r  20 ,0 0 0  f a c i l i t i e s  w i t h  more t h a n
300 ,000  w o r k e r s  p o t e n t i a l l y  ex p o sed  [ 3 0 ] ,  I n  m os t  o f  t h e s e  l a t t e r  
f a c i l i t i e s ,  t h e  p o t e n t i a l l y  e x p o se d  w o r k e r s  may n o t  work d i r e c t l y  w i t h  
s t y r e n e  o r  may o n ly  p e r i o d i c a l l y  come i n  c o n t a c t  w i t h  i t .  T a b l e s  X I I I - 2  and 
X I I I - 3  summarize s t y r e n e  e x p o s u r e  l e v e l s  found  d u r i n g  i n d u s t r i a l  h y g ie n e  
s u r v e y s  i n  v a r i o u s  i n d u s t r i e s .

I n  t h e  p a s t ,  w o r k e r s  i n v o l v e d  i n  t h e  p r o d u c t i o n  of  s t y r e n e  and 
p o l y s t y r e n e  may have  b e e n  s i g n i f i c a n t l y  ex p o sed  to  s t y r e n e  and  o t h e r  t o x i c  
c h e m i c a l s  s u c h  a s  benzene  and e t h y l b e n z e n e  [ 3 1 ] .  The c u r r e n t  u s e  o f  c l o s e d  
s y s te m s  i n  s t y r e n e  monomer and  c o po lym er  r e s i n  p r o d u c t i o n  ( i . e . ,  
p o l y s t y r e n e ,  ABS, SAN, SBR, e t c . )  l i m i t s  e x p o s u r e s  ( f o r  the  m os t  p a r t )  to  
s p i l l s ,  sample  c o l l e c t i o n s ,  t h e  c l e a n i n g  o f  v e s s e l s ,  and f u g i t i v e  e m i s s i o n s  
f rom v a l v e s ,  pump s e a l s ,  e t c .  [ 3 2 , 3 3 ] ;  f u l l - s h i f t  TWA s t y r e n e  e x p o s u r e s  a r e  
g e n e r a l l y  l e s s  t h a n  10 ppm. U s u a l l y ,  s t y r e n e  e x p o s u r e s  a r e  a l s o  l e s s  t h a n  
10 ppm d u r i n g  th e  f a b r i c a t i o n  ( i . e . ,  m o ld in g ,  e x t r u d i n g ,  c a s t i n g ,  e t c . )  o f  
i t e m s  from p o l y s t y r e n e  o r  s t y r e n e  c o p o ly m e rs  w h ich  c o n t a i n  low r e s i d u a l  
l e v e l s  o f  s t y r e n e  monomer. The m os t  s u b s t a n t i a l  e x p o s u r e s  to  s t y r e n e  o c c u r  
when i t  i s  u s e d  a s  a s o l v e n t - r e a c t a n t  f o r  u n s a t u r a t e d  p o l y e s t e r  p r o d u c t s  
t h a t  have  b e e n  r e i n f o r c e d  w i t h  f i b r o u s  g l a s s .  F o r  t h e s e  r e i n f o r c e d  p l a s t i c  
i t e m s  su ch  a s  b o a t s ,  open  s t o r a g e  t a n k s ,  w a l l  p a n e l s ,  tub  and shower u n i t s ,  
and t r u c k  camper  t o p s ,  The S o c i e t y  o f  t h e  P l a s t i c s  I n d u s t r y ,  I n c .  h a s  g i v e n  
th e  f o r m a l  d e s i g n a t i o n  o f  " r e i n f o r c e d  p l a s t i c s / c o m p o s i t e s "  (RP/C) [ 3 4 ] .  The 
v e r y  n a t u r e  o f  many o f  t h e s e  o p e r a t i o n s  s u b j e c t s  w o r k e r s  to  i n t i m a t e  c o n t a c t  
w i t h  m a t e r i a l s  u sed  i n  th e  p r o c e s s ;  w o r k e r s  may be e x p o se d  to  h i g h  
c o n c e n t r a t i o n s  o f  s t y r e n e  v a p o r  and ha ve  s k i n  c o n t a c t  w i t h  l i q u i d  s t y r e n e  o r  
r e s i n .  A ve rage  s t y r e n e  e x p o s u r e s  i n  RP/C p l a n t s  c a n  r a n g e  from 40 -100  ppm 
w i t h  i n d i v i d u a l  TWA e x p o s u r e s  o f t e n  fo und  a s  h i g h  a s  150-300  ppm ( s e e  
T a b l e  X I I I - 3 ) .  S h o r t - t e r m  e x p o s u r e s  ( i . e . ,  5 -15 m i n u t e s )  o f  s t y r e n e  i n  t h e  
1 , 0 0 0 - 1 , 5 0 0  ppm ra n g e  have a l s o  b e e n  r e p o r t e d  i n  some RP/C p l a n t s  [ 3 5 , 3 6 ] ,

I n  the  f a b r i c a t i o n  o f  RP/C,  a f t e r  t h e  s u r f a c e  o f  th e  mold i s  t r e a t e d
w i t h  a r e l e a s e  a g e n t  ( u s u a l l y  a wax) and t h e  i n i t i a l  l a y e r  o f  r e s i n  ( g e l
c o a t )  i s  a p p l i e d ,  hand l a y - u p  o r  s p r a y - u p  i s  done w h ic h  c o n s i s t s  o f  p u t t i n g
a l a y e r  o f  chopped f i b e r s  o r  woven mats  o f  f i b r o u s  g l a s s  i n  p l a c e  and t h e n  
a p p l y i n g  r e s i n .  F o l l o w i n g  d i s p o s i t i o n  o f  f i b e r  r e i n f o r c e m e n t  and  r e s i n ,  i t  
i s  n e c e s s a r y  to  r o l l - o u t  o r  s q u e e g e e - o u t  by hand th e  s t r u c t u r e  to  s a t u r a t e  
t h e  f i b r o u s  g l a s s  w i t h  r e s i n  and to  remove e n t r a p p e d  a i r .  O t h e r  l a y e r s  o f  
g l a s s  f i b e r  and r e s i n  a r e  added and r o l l e d  o u t  u n t i l  t h e  d e s i r e d  t h i c k n e s s  
i s  o b t a i n e d .  The s t y r e n e  c o n t e n t  i n  t h e  r e s i n  i s  a p p r o x i m a t e l y  40 p e r c e n t  
by w e i g h t  [ 3 7 , 3 8 ] ,  H igh  e x p o s u r e  l e v e l s  o f  s t y r e n e  ( e s p e c i a l l y  i n  b u i l d i n g  
l a r g e  i t e m s  such  as  b o a t s )  o c c u r  d u r i n g  th e  manual  s p r a y - u p  o r  l a y - u p
o p e r a t i o n s ,  s i n c e  a b o u t  10 p e r c e n t  o f  the  s t y r e n e  e v a p o r a t e s  i n t o  the  
w o r k p l a c e  a i r  a s  th e  r e s i n  c u r e s  [ 3 7 , 3 8 ] ;  t h e  r e m a i n d e r  o f  the  s t y r e n e  i s  
consumed i n  t h e  c h e m ic a l  r e a c t i o n  w i t h  t h e  u n s a t u r a t e d  p o l y e s t e r .  The 
amount  o f  s t y r e n e  e v o l v e d  i s  d e p e n d e n t  on th e  s u r f a c e  a r e a  b e i n g  f a b r i c a t e d ,  
t h i c k n e s s  o f  the  l a m i n a t e ,  r a t i o  o f  r e s i n  to  r e i n f o r c e m e n t ,  workshop  
t e m p e r a t u r e ,  and d u r a t i o n  o f  e a c h  s t e p  i n  t h e  p r o c e s s  [ 3 9 ] .
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Work ers  exposed  to  s t y r e n e  a r e  u s u a l l y  a l s o  ex p o sed  to  o t h e r  c h e m i c a l s  
a s  w e l l .  T hese  p o t e n t i a l  e x p o s u r e s  a r e  to  s u b s t a n c e s  u t i l i z e d  a s  raw 
m a t e r i a l s ,  s o l v e n t s ,  c a t a l y s t s ,  a c c e l e r a t o r s ,  o r  i n h i b i t o r s ;  e x p o s u r e s  a r e  
a l s o  p o s s i b l e  to  c h e m i c a l  i n t e r m e d i a t e s ,  t h e r m a l  d e g r a d a t i o n  p r o d u c t s ,  and 
r e s i n - c u r i n g  e m i s s i o n s .  T a b l e  X I I I - 4  l i s t s  o t h e r  s u b s t a n c e s  t h a t  have  been  
fo und  ( u s u a l l y  a t  low l e v e l s )  i n  p r o c e s s e s  u t i l i z i n g  s t y r e n e  o r  
s t y r e n e - d e r i v a  t i v e s .

The S t a n d a r d  I n d u s t r i a l  C l a s s i f i c a t i o n s  ( S IC s )  o f  some o f  t h e  i n d u s t r i e s  
w i t h  p o t e n t i a l  e x p o s u r e s  to  s t y r e n e  a r e  l i s t e d  i n  T a b l e  X I I I - 5 .  I n  a d d i t i o n  
to  o c c u p a t i o n a l  e x p o s u r e  to  s t y r e n e ,  e x p o s u r e  may o c c u r  f rom s t y r e n e  i n  
community a i r  [ 4 0 , 4 1 , 4 2 ] ,  d r i n k i n g  w a t e r  [ 4 3 , 4 4 , 4 5 j ,  f e r m e n t e d  g r a i n s  [ 4 6 ] ,  
food  [ 4 7 , 4 8 ] ,  t o y s  [ 4 9 ] ,  b u i l d i n g  p a n e l s ,  and f l o o r  c o v e r i n g s  [ 5 0 ] ,  and i n  
th e  d o m e s t i c  u sa g e  o f  c e r t a i n  f l o o r  p o l i s h e s ,  m e t a l  c l e a n e r s ,  o r  a d h e s i v e s  
c o n t a i n i n g  s t y r e n e .
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IV. EFFECTS OF EXPOSURE

EFFECTS ON HUMANS

H i s t o r i c a l  R epo r t s
As mentioned in  the Scope of the  Document, the f i r s t  p u b l i s h e d  r e f e r e n c e  

to s t y r e n e  was by Bonas t re  in  1831 who wro te :  " I t s  odor i s  sha rp ,
p e n e t r a t i n g . . . . I t s  t a s t e  i s  b i t t e r ,  burn ing  and c a u s t i c ;  an u n p l e a s a n t  
s e n s a t i o n  remains a f t e r  t a s t i n g  [ 1 6 ] . "  In  a l i t e r a t u r e  rev iew p ub l i sh e d  in  
the Uni ted  S t a t e s  in  1940, Von O e t t in g e n  [51] r e p o r t e d  t h a t  the t o x i c i t y  of 
s t y r e n e  had n o t  been s t u d i e d .  However, a cco rd ing  to a 1960 r e p o r t  [52 ] ,  
d a ta  on the a c u te  animal t o x i c i t y  of s t y r e n e  had been p u b l i s h e d  i n  R uss ia  in  
1936 by Larionov i n d i c a t i n g  changes in  the lungs and b r o n c h i ,  f a t  
accum ula t ion  in  the l i v e r ,  and s l i g h t  d eg e n e ra t iv e  changes in  the  k id n ey s ,  
a s  w e l l  as  decomposi t ion  of l eu k oc y te s  in  the s p le e n ,  lymph nodes ,  and b lood.

The f i r s t  U.S.  r e p o r t  of the e f f e c t s  of s t y r e n e  was w r i t t e n  by Spencer 
e t  a l .  [53] in  1942 who, based  on animal s t u d i e s ,  e s t im a t e d  t h a t  r e p ea te d  
exposure of workers  to  s t y r e n e  a t  650 ppm would produce  no s e r i o u s  
d i s t u r b a n c e s .  However, i t  was noted t h a t  t h i s  c o n c e n t r a t i o n  was d e f i n i t e l y  
i r r i t a t i n g  to the eyes and nose and ,  t h e r e f o r e ,  the i n v e s t i g a t o r s  [53] 
sugges ted  400 ppm as a t e n t a t i v e  p e r m i s s i b l e  l i m i t  f o r  o c c u p a t io n a l  exposure 
to s t y r e n e ,  a l e v e l  p roduc ing  a d i s a g r e e a b l e  odor b u t  only  s l i g h t l y  
i r r i t a t i n g .

Based on h i s  ex p e r i en c e s  in  the s y n t h e t i c  rubber  i n d u s t r y ,  i n  1943, 
M a l l e t t e  [54] d e s c r ib ed  s ty r e n e  as a lung and sk in  i r r i t a n t  t h a t  produced 
l i g h t  n a r c o s i s  and p o s s i b l e  l i v e r  and k idney  i n j u r y .  He noted  t h a t  in  a 
s e r i e s  of s e v e r a l  hundred p e r i o d i c  exam inat ions  of the blood of workers  in  
the rubber  i n d u s t r y  who were exposed to s t y r e n e ,  no t r a c e s  of  the "blood 
damage so c h a r a c t e r i s t i c  of  benzo l"  were found.  M a l l e t t e  [54] sugges ted  
t h a t  a s t y r e n e  l i m i t  of  400 ppm was too h igh  to p r e v e n t  s k in  i r r i t a t i o n  
among workers  in  s y n t h e t i c  rubber  producing  f a c t o r i e s ,  and he s t a t e d  t h a t  
200 ppm, which was n o t  i r r i t a t i n g  to the eyes o r  nose ,  was p r e f e r a b l e .

Case S tu d i e s  and M isce l laneous  R epor t s
Few c ases  of s ty r e n e  i n t o x i c a t i o n  as such have come to the a t t e n t i o n  of 

p h y s i c i a n s  because  of obscure  e t i o l o g i e s  a s s o c i a t e d  w i th  s t y r e n e  exposure ,  
and the re  have been no r e p o r t s  of f a t a l i t i e s .

In  1946, McLaughlin [55] r e p o r t e d  t h a t  among 458 chemical  burns of  the 
human cornea  t r e a t e d  by him over a t h r e e - y e a r  p e r i o d ,  t h i r t y  ca ses  were 
caused by s t y r e n e .  In  the  s t y r e n e  c a ses  the re  were only s u p e r f i c i a l  
t r a n s i e n t  d i s t u r b a n c e s  of  the eye ,  w i th  r e t u r n  to normal w i t h i n  48 hours  in  
a l l  b u t  one case  in  which h e a l in g  took th ree  to ten  days.
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In  1952, B a r s o t t i  e t  a l .  [56] s t u d i e d  seven workers from a p o l y s ty r e n e  
m anufac tu r ing  f a c i l i t y  i n  I t a l y .  The s t y r e n e  c o n c e n t r a t i o n  i n  the work a re a  
where s t y r e n e  was loaded i n t o  the p o ly m e r i z a t io n  tower was r e p o r t e d  as 
188 ppm. Traces  of  s t y r e n e  were found i n  the pumproom a i r ,  b u t  no s ty r e n e  
was d e t e c t e d  in  any o th e r  a r e a  of  the f a c t o r y .  Methods of  sampling and 
a n a l y s i s  were n o t  g iven .  The workers  had been employed in  t h i s  f a c to r y  f o r  
18 months, and most  had c o n j u n c t i v a l  and pha ryngea l  c o n g e s t i o n .  Two workers  
had an e ry them a topapu la r  d e r m a t i t i s  l o c a l i z e d  on the back of the arms, w i th  
i n c r e a s i n g l y  i n t e n s e  i t c h i n g .  Another had s u f f e r e d  f o r  3 months w i th  a 
p r u r i g i n o u s  d e r m a t i t i s .  Three workers  had h y p e r a c t i v e  deep r e f l e x e s .  
Complete b lood  coun ts  and u r i n a r y  h i p p u r i c  a c id  c o n c e n t r a t i o n s  were normal.  
None of 20 workers  who handled the polymerized  p ro d u c t  had d i s t u r b a n c e s  of  
any consequence .  Atmospheric c o n c e n t r a t i o n s  of p o ly s ty r e n e  d u s t  were n o t  
r e p o r t e d  [5 6 ] .

I n  1964, P r a t t - J o h n s o n  [57] d e s c r ib e d  a case  of r e t r o b u l b a r  n e u r i t i s  i n  
a 4 8 - y e a r -o l d  se l f -em ployed  Canadian who had worked f o r  f i v e  y e a r s  making 
r e i n f o r c e d  p l a s t i c s .  The i n d i v i d u a l  adm i t t ed  t h a t  he had handled  s ty r e n e  
c a r e l e s s l y ,  and had f r e q u e n t l y  come i n t o  c o n t a c t  w i th  i t  w i t h  h i s  bare  
hands.  I n i t i a l l y ,  p a i n l e s s  d e t e r i o r a t i o n  of  v i s i o n  to 20/400 and
c e n t r o c e c a l  scotomata  were noted  in  each  eye .  Upon t r e a tm e n t  w i th  v i t am in  B 
compound and n i c o t i n i c  a c id  f o r  s i x  months, v i s u a l  a c u i t y  and v i s u a l  f i e l d s  
improved s low ly ,  recovery  be ing  comple te w i t h i n  a y e a r .  The a u t h o r  [57]
no ted  t h a t  c i r c u m s t a n t i a l  ev idence  a lo n e  i n c r im in a t e d  s ty r e n e  as the tox ic  
a g e n t .  Kohn [5 8 ] ,  i n  rev iewing  t h i s  s tud y ,  s t a t e d  " t h e  l i k e l i h o o d  of 
n u t r i t i o n a l  amblyopia could n o t  be e x c lu d e d . "

I n  1968, M a ts u s h i t a  e t  a l .  [59] d e s c r ib e d  the ca se  of a 3 5 -y e a r -o l d  
Japanese  worker who developed symptoms of bo th  c e n t r a l  and p e r i p h e r a l  
nervous system p o i so n in g  whi le  employed i n  a r e s i n  c o a t in g  o p e r a t i o n  f o r  3 .5  
y e a r s .  As a r e s u l t  of  f a l l i n g  a t  work,  he was examined by a p h y s i c i a n  who 
diagnosed  h i s  c o n d i t i o n  as o rg an ic  s o l v e n t  p o i so n in g  on the b a s i s  of 
p r o g r e s s iv e  symptoms of p e r i p h e r a l  numbness,  f a t i g u e ,  and d i z z i n e s s ,  and 
work c o n d i t i o n s .  During a subsequen t  n e u r o lo g i c  exam ina t ion ,  a s l i g h t  
dec rea se  i n  the muscular  s t r e n g t h  of  the legs  and arms, and the g ra sp ing  
s t r e n g t h  of  the r i g h t  hand were found.  Most r e f l e x e s  were normal e x c e p t  f o r
muscular  r e f l e x e s  of the upper l im bs .  Decreased s e n s a t i o n  i n  the fo rearms
and lower l imbs was i n d i c a t e d  by o b j e c t i v e  p a in  and v i b r a t i o n  t e s t s .  
Abnormal electromyograms (EMGs) of  the arm and leg  muscles  were recorded  and 
i n t e r p r e t e d  as i n d i c a t i n g  p e r i p h e r a l  neuromyogenic nervous d i s o r d e r s .  
However, f i n d i n g s  of  normal motor n e rve  conduc t ion  v e l o c i t i e s  f o r  u l n a r ,  
median,  p e r o n e a l ,  and t i b i a l  ne rve s  may n o t  s u p p o r t  t h i s  h y p o th e s i s .  A 
s l i g h t  c o n t r a c t i o n  of  the v i s u a l  f i e l d s  and a s l i g h t  expans ion  of M a r i o t t ' s  
dark  p o i n t  w i th o u t  eye fundus changes  were found du r ing  ophtha lmologic  
exam ina t ion .  No e l e c t r o e n c e p h a l o g r a p h i c  a b n o r m a l i t i e s ,  i n d i c a t i o n s  of 
impai red  l i v e r  f u n c t i o n ,  or  blood d y s c r a s i a s  were found.  The man was 
removed from work,  t r e a t e d  as an o u t p a t i e n t ,  and slowly began to re c ov e r ;  
however,  abo u t  22 months a f t e r  t r e a tm e n t  had begun,  he was s t i l l  
h y p e r s e n s i t i v e  to co ld  in  h i s  arms and l e g s .  As a r e s u l t  of t h i s  c a se ,  the 
i n v e s t i g a t o r s  [59] subsequen t ly  s t u d i e d  o th e r  workers  in  the f a c t o r y  and
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determ ined  t h a t  exposures  were due p r i m a r i l y  to s ty r e n e  (up to  600 ppm) and 
o c c a s i o n a l l y  to t r a c e s  of t o lu en e ,  e t h y l  a c e t a t e ,  and methanol .  The r e s u l t s  
of t h i s  subsequen t  s tudy a r e  d i s c u s s e d  in  the C l i n i c a l  S tu d i e s  S e c t i o n .

I n  1971, a case  of  a c c i d e n t a l  exposure  was r e p o r t e d  by Schwarzmann and 
Kutscha [60 ] .  In  t h i s  i n c i d e n t  a s t u d e n t  i nh a le d  some s t y r e n e  vapor and
s p i l l e d  a " s m a l l "  amount on h i s  hand.  T h i r t y  minutes  l a t e r  the s t u d e n t  
n o t i c e d  c e n t r a l  b l i n d  sp o t s  i n  b o th  eyes ,  and ,  30 minutes a f t e r  t h i s ,  a
headache developed .  The b l i n d  s p o t s  had a lm os t  d i s ap pea red  1.5 hours  a f t e r  
the i n i t i a l  c o n t a c t ,  b u t  the headache p e r s i s t e d  and he was v i s i b l y  shaking .  
He expe r ienced  h o t  and co ld  s p e l l s ,  had p e r i o d i c  s e n s a t i o n s  of numbness on 
the hand where s t y r e n e  was s p i l l e d ,  and was ex t remely  r e s t l e s s .  For  7 hours 
fo l lo w in g  the a c c i d e n t ,  he f e l t  ve ry  weak. A f t e r  e a t i n g  d in n e r  he n o t i c e d  
the headache was gone.  Other r e p o r t s  o f  t h i s  type of  r e a c t i o n  to  s ty r e n e  
have n o t  been found,  and many of the symptoms d e s c r ib e d  cou ld  a l s o  be
e xp la in ed  as h y s t e r i a  o r  a n x i e ty  on the p a r t  of  the s t u d e n t .

In  1971, Araki  e t  a l .  [61] p rov ided  in f o r m a t io n  of  an 11-year  h i s t o r y  of  
l a c r i m a t i o n ,  n a s a l  i r r i t a t i o n ,  muscle s o r e n e s s ,  headache,  insomnia ,  gen e ra l  
m a la i s e ,  and a n x i e t y ,  which led  to the h o s p i t a l i z a t i o n  of  a 5 5 - y e a r -o ld  
man. The man had worked f o r  14 y e a r s  i n  a Japanese  f a c t o r y  where p o l y e s t e r
r e s i n  tubs  were manufac tured .  Although  no in f o r m a t io n  abo u t  a i r b o r n e
c o n c e n t r a t i o n s  of s ty r e n e  was g iv en ,  the a u th o r s  r e p o r t e d  t h a t  the  man 
t y p i c a l l y  handled  s ty r e n e  w i th  h i s  b a r e  hands .  As a r e s u l t  of  t h i s  work 
p r a c t i c e ,  the s k in  on the man's  hands was g e n e r a l l y  t h i n  and a t r o p h i c .  
Biopsy r e v e a l e d  t h in n in g  of the p r i c k l e  c e l l  l a y e r ,  f l a t t e n i n g  of the 
p a p i l l a r y  l a y e r ,  and marked edema w i th  mild  p e r i v a s c u l a r  i n f i l t r a t i o n  of  the 
round c e l l s  th roughout  the dermis .

T h is  case  a l s o  had s ign s  of  n eu ro p a th y .  Although  p a t h o l o g i c  r e f l e x e s  
were n o t  found,  he d id  have g e n e r a l l y  exagge ra ted  deep tendon r e f l e x e s ,  
p a r e s t h e s i a  ( t i n g l i n g  s e n s a t i o n )  of  the  e x t r e m i t i e s ,  and b i l a t e r a l l y  
d ec reased  co ld  s e n s a t i o n  of  the l eg s  and f e e t .  An elect romyogram i n d i c a t e d  
a reduced number of  motor u n i t s  d u r in g  maximal v o lu n t a ry  e f f o r t ,  and l a r g e r  
p o ly ph a s ic  a c t i o n  p o t e n t i a l s  of  long d u r a t i o n .  Biopsy of  the b ic e p s  humeri 
and the gas t rocnem ius  muscles r e v e a l e d  d e g e n e r a t i o n  of  the f i b e r s  w i th  an 
i n c r e a s e  of  the sarcolemmal n u c l e i  i n  some p l a c e s .  Biopsy of  a p e r i p h e r a l  
n e rv e ,  n .  s u r a l i s ,  showed no remarkable  changes .  The man's v i s u a l  f i e l d  and 
a c u i t y  were i n t a c t  and an e le c t ro en c ep h a lo g ram  (EEG) was normal.  S ince 
Raynaud 's  syndrome was a b s e n t  and the  man's symptoms were n o t  c o n s i s t e n t  
w i th  sc le rode rm a ,  Araki  e t  a l .  [61] though t  t h a t  the s k in ,  muscle ,  and nerve  
changes were the r e s u l t  of the d i r e c t  a c t i o n  of  s t y r e n e  and sugges ted ,  
w i th o u t  e x p l a n a t i o n ,  t h a t  e f f e c t s  on the autonomic and c e n t r a l  nervous 
systems were due to the a c t i o n  of  s t y r e n e  on the man's b r a i n  stem.

A c h e s t  roentgenogram of the man r e v e a l e d  pulmonary emphysema, b u t  i t  
was no ted  t h a t  the man smoked a b o u t  20 c i g a r e t t e s  a day.  H ippu r ic  a c id  
e x c r e t i o n  and r e s u l t s  of  t e s t s  of  l i v e r  competence and blood coun ts  were a l l  
normal ,  b u t  c r e a t i n u r i a  (0 .187 g /24  h ou rs )  was n o ted .  Araki  e t  a l .  [61] 
a l s o  r e p o r t e d  t h a t  abou t  the time of the o n s e t  of  symptoms (11 y e a r s  p r i o r
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to h o s p i t a l i z a t i o n )  the man was ad m i t t ed  to a h o s p i t a l  because  of  j a u n d i c e ,  
b u t  i t s  cause was n o t  e s t a b l i s h e d .

In  1973, S t e p ie n  [62] d e s c r ib e d  the case  of  a 3 3 - y e a r - o l d  female who 
s u f f e r e d  from thrombosis  of the  c e n t r a l  r e t i n a l  v e i n .  She had worked over a 
y ea r  in  a P o l i s h  exp e r im en ta l  chemical  l a b o r a to r y  and had been exposed 
mainly to s t y r e n e  and s o lv e n t s  ( n o t  s p e c i f i e d )  in  t e s t i n g  p o l y e s t e r  
l am ina te s  and epoxide f i l m s .  S t e p i e n  [62] concluded t h a t  the  i n t e r v i e w ,  
type of work,  i n c re a s e d  red  blood c e l l  coun t  (RBC), t o x ic  changes i n  the 
bone marrow, in c r e a s e d  mandelic  a c id  l e v e l s  to 980 mg% ten  days a f t e r  l a s t  
workplace  exposure ,  and a lack  of  o t h e r  r e a so ns  p o in te d  to a t o x ic  
background f o r  the d i s e a s e ,  caused mainly by s t y r e n e .

In  1975, Hruba e t  a l .  [63] r e p o r t e d  a study  of two groups of  workers  
from fo u r  Czechos lovak ian  p l a n t s ;  the  s t y r e n e  exposures  were u n s p e c i f i e d .  
The f i r s t  group c o n s i s t e d  of  101 workers  who had been exposed to s t y r e n e  f o r  
2 months to 6 y e a r s ;  the o t h e r  group,  c a l l e d  a " c o n t r o l "  group,  inc luded  21 
workers  j u s t  beg inn ing  employment. The most  common s u b j e c t i v e  com pla in t s  of  
the 122 workers  (95 women, 27 men, average  age 35) were d rowsiness  (34%), 
headaches  (28%), f a t i g u e  (25%), and i n c re a s e d  i r r i t a b i l i t y  (14%). 
Examinations  r e v ea le d  s igns  of v e g e t a t i v e  imbalance (64%), lowered tendon 
and p e r i o s t a l  r e f l e x e s  (19%), and s l i g h t  s ig n s  of  c e r e b e l l a r  nerve  
d i s t u r b a n c e s  (14%). Normal EEGs were found i n  13 of  the exposed workers ,  
b o r d e r l i n e  EEGs ( i n c l u d i n g  f l a t  g raph  and consp icuous s l e e p  a c t i v i t y )  were 
found in  42, and m i ld ly  abnormal EEGs ( i n c l u d i n g  synchronous rhythms and 
c e n t r a l i z e d  predominance of  d i s p e r s e d  changes)  were found i n  46 of  the 101 
workers .  Of the 21 workers  in  the " c o n t r o l "  group j u s t  s t a r t i n g  employment, 
7 had normal EEGs, 7 had b o r d e r l i n e  re a d in g s  ( i n c l u d i n g  m i ld ly  d i s t u r b e d  
rhythm, in c r e a s e d  b e t a ,  o r  f l a t  g r a p h ) ,  and 7 had s l i g h t l y  abnormal EEGs 
because  of  i n c r e a s e d  slow a c t i v i t y .  A f t e r  3 y e a r s  of  employment, only 1 of 
the 21 " c o n t r o l s "  had an EEG t h a t  the i n v e s t i g a t o r s  [63] con s ide red  normal,  
12 had b o r d e r l i n e  EEGs ( i n c l u d i n g  f l a t  g raphs and m i ld ly  in c r e a s e d  s l e e p  
rhythms) ,  and 8 workers had abnormal EEGs ( n o t  d e f i n e d ) .

In  1974, Axelson e t  a l .  [64] d e s c r ib e d  two men who were engaged in  
p l a s t i c  b o a t  p ro d u c t io n  and had c h ro n ic  emotiona l  i n s u f f i c i e n c y  w i th  
symptoms s u g g e s t in g  c e r e b r a l  l e s i o n s  around the time they s t a r t e d  to work 
w i th  s t y r e n e .  TWA s ty r e n e  c o n c e n t r a t i o n s  measured a t  some w o r k s i t e s  a t  one 
of the p l a n t s  abou t  a y ea r  a f t e r  the men became i l l  were 200-292 ppm; 
i n s t a n ta n e o u s  s t y r e n e  peaks were sometimes h ig h e r  than 1,500 ppm. There 
were some co m p l i ca t in g  f a c t o r s ,  such as a l c o h o l  and drug abuse  by one man, 
b u t  these  d id  n o t  seem to the a u t h o r s  [64] to be of  s u f f i c i e n t  degree  to 
have been l i k e l y  ca use s .  Axelson e t  a l .  [64] though t  s t y r e n e  might  have 
c o n t r i b u t e d  to the c o n d i t i o n s ,  b u t  b e l i e v e d  the ev idence  was inadequate  f o r  
a d e f i n i t e  c on c lu s io n .

I n  1976, Dowty e t  a l .  [65] r e p o r t e d  q u a l i t a t i v e  a n a ly s e s  by gas 
chromatography and mass sp ec t ro m e t ry  of 11 p a i r e d  m a te rna l  blood and 
u m b i l i c a l  cord blood samples o b ta in e d  a t  b i r t h .  S ty rene  was i d e n t i f i e d  in  
blood from bo th  sou rces .  The mothers  were a l l  h e a l th y  and 10 of  the b ab ies
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normal .  One I n f a n t  w i th  a lum bosacra l  meningomyelocele had numerous
v o l a t i l e  o rg an ic  compounds ( a p p a r e n t l y  i n c lu d in g  s t y r e n e ,  a c e to n e ,  and
b u t y l a t e d  hydroxy to luene )  i d e n t i f i e d  i n  the  cord  b lood.  The c o n c e n t r a t i o n s  
in  these  blood samples were n o t  r e p o r t e d  and a r e  a p p a r e n t l y  n o t  known. 
There were no known o cc u p a t io n a l  exposures  to s t y r e n e ,  and i t s  sources  were 
n o t  de te rm ined .

I n  1977, Holmberg [66] d e s c r ib e d  CNS b i r t h  d e f e c t s  in  c h i l d r e n  born  to 
two women who were employed in  f a c t o r i e s  i n  F in la n d  where r e i n f o r c e d  
p l a s t i c s  were made. These two women were in  a group of 43 women who
responded to  q u e s t i o n n a i r e s  s e n t  to a l l  women, w i th o u t  r eg a rd  to t h e i r  
o cc u p a t io n ,  who had borne c h i l d r e n  w i t h  CNS d e f e c t s  i n  the  p rev io us  y ea r .

I n  the f i r s t  c a s e ,  the  mother was a 1 9 - y e a r -o ld  woman ( f i r s t  pregnancy,  
f i r s t  b i r t h ) .  She and h e r  2 6 - y e a r - o l d  husband,  a c a r p e n t e r ,  worked i n  a 
f a c t o r y  where r e i n f o r c e d  p l a s t i c s  were made; h e r  r e g u l a r  job  was g r i n d in g ,  
p o l i s h i n g ,  and mending r e i n f o r c e d  p l a s t i c  p ro d u c t s .  She was p o t e n t i a l l y  
exposed to s t y r e n e ,  p o l y e s t e r  r e s i n ,  o rg an ic  p e r o x id e s ,  a c e to n e ,  and
p o l i s h e s .  At one p o i n t  in  he r  pregnancy (a b o u t  the 4 th  month),  she was 
" h e a v i ly  exposed" to s ty r e n e  f o r  3 days when she c leaned  a mold. Her
pregnancy was g e n e r a l l y  unremarkab le ,  e x cep t  f o r  b r o n c h i t i s  du r ing  the 3rd 
month. The mother worked u n t i l  2 weeks b e f o r e  d e l i v e r y .  The baby,  born  in  
the 9 th  month, was 54 cm long and weighed 3,900 g. I t  had c o n g e n i t a l  
h yd rocepha lu s ,  anomaly of the r i g h t  e a r ,  and b i l a t e r a l  m al fo rm at ions  of the 
t h o r a c i c  v e r t e b r a l  column and r i b s  [66 ] .

The o th e r  case  invo lved  a 2 4 - y e a r -o ld  woman ( f i r s t  p regnancy ,  f i r s t  
b i r t h )  who a l s o  worked in  the r e i n f o r c e d  p l a s t i c s  i n d u s t r y .  She was m arr ied  
to  a 2 4 - y e a r -o ld  w e l d e r - p l a t e r  and gave b i r t h  to a 47-cm, 2 ,2 00-g  g i r l .  The 
c h i l d  d ied  d ur ing  d e l i v e r y  and was a n e n c e p h a l i c .  The 7-month pregnancy was 
e s s e n t i a l l y  uncomplica ted  a l th o u g h  c o n t r a c t i o n s  t h a t  occu r red  in  the 2nd 
month were c o n t r o l l e d  w i th  10 mg of i s o x s u p r i n e  t h r ee  t imes d a i l y  f o r  1 
week. In  the 7 th  month, the mother was t r e a t e d  f o r  s l i g h t  edema w i th  500 mg 
of c h l o r o t h i a z i d e  once d a i l y  f o r  1 week [6 6 ] .  In  the 3rd month, the woman 
was exposed to s t y r e n e ,  a c e to n e ,  o rg an ic  p e r o x id e s ,  and p o l y e s t e r  r e s i n  
w hi le  per fo rming  a h a n d - r o l l i n g  o p e r a t i o n  f o r  abou t  3 weeks w i th  no 
r e s p i r a t o r y  p r o t e c t i o n .  A f te rw ard s ,  she was a s s ig n e d  to needlework in  the 
same shop w i t h  o c c a s io n a l  a ss ignm en ts  i n  the  h a n d - r o l l i n g  o p e r a t i o n .

Holmberg [66] r e p o r t e d  s t i l l  a n o th e r  c a s e ,  n o t  in v o lv in g  o cc u p a t io n a l  
exposure ;  i t  invo lved  a 2 0 - y e a r -o ld  woman ( f i r s t  pregnancy) who gave b i r t h  
i n  the 7 th  month to a s t i l l b o r n ,  a n e n c ep h a l i c  c h i l d .  The mother was exposed 
to  s ty r e n e  on s i x  occas ions  when h e r  husband d id  r e p a i r  work w i th  r e i n f o r c e d  
p l a s t i c s  a t  home. The m a t e r i a l s  used  were s t y r e n e ,  p o l y e s t e r  r e s i n ,  and 
o rg an ic  p e r o x id e s .  This  case  was com pl ica ted  by a h i s t o r y  of  j u v e n i l e  
d i a b e t e s  in  the mother.

Based on in fo rm a t io n  from the F in n i s h  R e g i s t e r  of  C ongen i ta l  
M a lfo rm a t ions ,  Holmberg [66] r e p o r t e d  t h a t  the combined inc ide n ce  of 
hydrocephaly  and anencephaly among F i n n i s h  women of c h i l d - b e a r i n g  age was
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0 .5 / 1 ,0 0 0  l i v e  b i r t h s .  He p r e d i c t e d  12 l i v e  b i r t h s  among women i n  the 
r e i n f o r c e d  p l a s t i c s  i n d u s t r y  du r ing  the 9-month study  p e r i o d ,  based on 
e s t im a t e s  of the number of  women of c h i l d - b e a r i n g  age employed i n  the 
F in n i s h  r e i n f o r c e d  p l a s t i c s  i n d u s t r y  in  1974 ( i . e . ,  250) and on F in n i s h
f e r t i l i t y  d a t a .  Thus,  the normal combined r a t e  of anencephaly  and 
hydrocephaly  ( 0 . 5 / 1 ,0 0 0  l i v e  b i r t h s )  was exceeded more than 3 0 0 - f o ld .

Melgaard e t  a l .  [67] d e s c r ib e d  c h ron ic  CNS changes in  seven  Danish 
workers ,  a l l  males aged 42-65 y e a r s  w i t h  a mean time of exposure  to s ty r e n e  
of 15 y e a r s ,  r ang ing  from 6 to 28 y e a r s .  Exposure c o n c e n t r a t i o n s  were n o t  
known, b u t  the workers were a l l  employed in  small  workshops w i th  what  were 
d e s c r ib e d  as poor h yg ien ic  c o n d i t i o n s .  D e t a i l s  o f  the exam ina t ions  were n o t  
p rovided  e x c e p t  t h a t  n e u r o r a d i o l o g i c  exam ina t ions  were performed e i t h e r  w i th  
pneumoencephalography o r  computer ized  tomography.

The men had o f t e n  expe r ienced  a c u te  CNS e f f e c t s  (symptoms of a cu te  
i n t o x i c a t i o n  w i t h  headache,  d i z z i n e s s ,  and a sense  of  d runkenness  toward the 
end of the workday).  At the time of exam ina t ion  in  the  h o s p i t a l ,  they had 
com pla in t s  of f a t i g u e ,  memory l o s s ,  d i f f i c u l t y  i n  c o n c e n t r a t i n g ,  u n s t a t e d  
emotiona l  c o m p la in t s ,  and headache.  In  one man who had f o r  s e v e r a l  y ea r s  
imbibed a l c o h o l  e x c e s s i v e l y ,  the re  was b iochem ica l  ev idence  of  l i v e r  damage 
and s ig n s  of po lyneuropa thy .  Based on u nd e sc r ib e d  n eu ro p sy c h o lo g ic a l  
e xam ina t ion s ,  the re  was i n t e l l e c t u a l  impai rment  in  6 men, 5 showed a 
moderate d eg re e ,  and 1 was s e v e r e .  C e re b ra l  a t rophy  was found in  4 men by 
computer ized tomography scan and in  1 man by pneumoencephalography.

Exper imenta l  Exposures
In  1944, C a rp en te r  e t  a l .  [68] r e p o r t e d  the r e s u l t s  of  an expe r im en ta l  

s tudy of two men exposed to  s t y r e n e  in  a chamber a t  800 ppm f o r  4 h ou rs .  
The two men expe r ienced  eye and t h r o a t  i r r i t a t i o n  immediately  a f t e r  e n t e r i n g  
the chamber.  In c r e a s e d  n a s a l  mucous s e c r e t i o n ,  a pronounced and p e r s i s t e n t  
m e t a l l i c  t a s t e ,  l i s t l e s s n e s s ,  d ro w s in ess ,  and impairment  of ba lance  a l s o  
occurred  d u r ing  t h i s  exposure .  A f t e r  exposure ,  symptoms of weakness,  
u n s t e a d i n e s s ,  i n e r t i a ,  and d e p r e s s io n  were r e p o r t e d .  Urine  c o l l e c t e d  over a 
24-hour p e r io d  from bo th  s u b j e c t s  was ana lyzed  f o r  h ip p u r i c  a c i d  and n e u t r a l  
s u l f u r .  In  one s u b j e c t ,  h i p p u r i c  a c id  e x c r e t i o n  was co n s id e r ab ly  
i n c r e a s e d .  N e u t r a l  s u l f u r  i n  the  two s u b j e c t s  was in c r e a s e d  by 17% and 48%, 
r e s p e c t i v e l y .

I n  1968, the  e f f e c t s  of i n h a l a t i o n  of  s t y r e n e  vapor a t  51-376 ppm on 
human s u b j e c t s  were r e p o r t e d  by S te w a r t  e t  a l .  [69] . Nine h e a l th y  men were 
s t u d i e d ,  some s e v e r a l  t im es ,  in  f i v e  exper im ents  a c co rd in g  to the d es ign  in  
Table  IV-1.
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TABLE IV-1

STYRENE EXPOSURE SCHEDULE

Exper­ No. of Exposure S ty rene  C o n c e n t r a t io n
iment S u b je c t s D ura t ion (ppm)

(h) Mean Range

1 1 2 117 112-121
2 6 7* 99 95-107
3 3 1 51 50-55
4 3 1 216 203-236
5 5 1 376 368-403

*Two 3 .5 - h o u r  s e s s io n s  w i th  an i n t e r v e n i n g  30-minute lunch p e r io d  
Taken from S te w a r t  e t  a l .  [69]

The s t y r e n e  was 99.6% pure as de te rmined  by i n f r a r e d  (IR) a n a l y s i s  and 
con ta in ed  2 ppm of p - t e r t - b u t y l c a t e c h o l  to i n h i b i t  p o ly m e r i z a t io n  [69 ] .  
S ty rene  c o n c e n t r a t i o n s  i n  the  1 2 . 5 . x l . 8 x 2 .3-ra (5 2 .2 -c u  m) chamber were
measured c o n t in u ou s ly  w i th  an IR sp e c t ro m e te r .  The minimum d e t e c t a b l e
s ty r e n e  c o n c e n t r a t i o n  in  the chamber u s in g  t h i s  method was abou t  11 ppm.
B rea th ing  zone samples,  c o l l e c t e d  i n  50-ml g l a s s  p i p e t s  every  10 minutes in  
exper iments  1, 3, 4, and 5, and every  hour in  exper iment  2, were ana lyzed  by 
gas chromatography w i th  a hydrogen f lame d e t e c t o r .  The minimum d e t e c t a b l e  
s ty r e n e  c o n c e n t r a t i o n  by t h e i r  method of sampling  and a n a l y s i s  was 0.05
ppm. T o ta l  ex p i re d  a i r  samples were c o l l e c t e d  every 15 minutes and
s i m i l a r l y  ana lyzed  dur ing  exper iments  1, 3, 4, and 5 and every  hour du r ing  
exper iment  2 by having  the s u b j e c t s  b r e a t h e  through  a tube connec ted  to  a 
bag o u t s i d e  of  the chamber. Urine  samples were c o l l e c t e d  f o r  24 hours 
b e fo re  the exposures and up to 2 days a f t e r  the exposures  f o r  h ip p u r i c  a c id  
d e t e r m in a t i o n ;  u r i n e  samples from n ine  l a b o r a to r y  workers  were used f o r
comparison.  Venous b lood  was c o l l e c t e d  in  exper iments  1, 2, and 3 du r ing
the f i n a l  10 minutes of exposure ,  and,  in  exper im ent  1, a f t e r  1 hour of
exposure .  T e s t s  a d m in i s t e r ed  du r ing  exposure  inc lud ed  a modif ied  Romberg 
t e s t  ( b a l a n c in g  on one f o o t  w i th  eyes c lo sed  and hands a t  s i d e ) ,  h ee l  and 
toe ,  f i n g e r  to nose ,  the Crawford manual d e x t e r i t y  c o l l a r  and p in  t e s t ,  and 
the F lanagan  c o o r d i n a t i o n  t e s t .  S u b j e c t i v e  and o b j e c t i v e  re sponse s  were 
recorded  every  15 minutes du r ing  the exposures  [69].

Two of f i v e  s u b j e c t s  exposed to s t y r e n e  f o r  1 hour a t  376 ppm re p o r t e d  
eye i r r i t a t i o n  w i t h i n  3 m inu tes ;  two more r e p o r t e d  eye i r r i t a t i o n  w i t h i n  15 
minutes .  A l l  f i v e  s u b j e c t s  no ted  n a s a l  i r r i t a t i o n  a t  t h i s  c o n c e n t r a t i o n .  
A f t e r  20 m inutes ,  a burn ing  s e n s a t i o n  of  the f ace  was r e p o r t e d  by one
s u b j e c t .  A f t e r  25 minutes  of exposure ,  one s u b j e c t  was unab le  to per form

27



the m odif ied  Romberg t e s t  no rm a l ly .  A f t e r  50 minutes of exposure  to
376 ppm, two s u b j e c t s  e x h i b i t e d  decrements of  20% and 33%, r e s p e c t i v e l y ,  in 
the Crawford manual d e x t e r i t y  c o l l a r  and p in  t e s t ,  and th r e e  s u b j e c t s  
dropped to a 10 p e r c e n t i l e  below t h e i r  p re -exposu re  per formance  on the 
Flanagan  c o o r d i n a t i o n  t e s t .  Nausea t h a t  occu rred  in  one s u b j e c t  a f t e r  45 
minutes of  exposure  p e r s i s t e d  f o r  1 hour a f t e r  the exposure .  At the end of 
the exp osu re ,  two s u b j e c t s  r e p o r t e d  f e e l i n g  s l i g h t l y  i n e b r i a t e d ;  one of
these  s u b j e c t s  and one o th e r  i n d i v i d u a l  who complained of headache performed 
the Romberg t e s t  abnormal ly [69].

A f t e r  20 minutes of a 1-hour exposure  a t  216 ppm, n a s a l  i r r i t a t i o n  was 
no ted  by one of t h ree  s u b j e c t s .  C o o rd in a t io n  and ba lance  were n o t  a f f e c t e d  
by t h i s  exposure  [69].

During the 7-hour  exposure  a t  99 ppm, two of s i x  s u b j e c t s  no ted  mild  eye 
i r r i t a t i o n ,  and one noted  mild t h r o a t  i r r i t a t i o n  w i t h i n  20 minutes  a f t e r  the 
exposure began.  Eye i r r i t a t i o n  p e r s i s t e d  f o r  30 minutes b e f o r e  s u b s id in g ,  
and the  t h r o a t  i r r i t a t i o n  subs ided  a f t e r  d r i n k in g  c o f f e e .  The Romberg t e s t  
was performed e i g h t  t imes by each  of  the s i x  s u b j e c t s  d u r in g  t h i s
exper im ent .  Two s u b j e c t s  p e r ce iv e d  themselves  a s  hav ing  d i f f i c u l t y
per fo rming  the t e s t  on one o c c a s io n ,  and one s u b j e c t  p e r ce iv e d  having  
d i f f i c u l t y  on two o cc a s io n s .  The p e rce ive d  d i f f i c u l t y  was n o t  r e f l e c t e d  in  
the a c t u a l  per formance of the Romberg t e s t ,  however,  s i n c e  S te w a r t  e t  a l .  
[69] s t a t e d  th e r e  were no o b j e c t i v e  s ig n s  of impairment of  ba lance  du r ing  
the seven hou rs .  Performances on the Crawford d e x t e r i t y  and F lanagan 
c o o r d i n a t i o n  t e s t s  were a l s o  u n a f f e c t e d .  Two s u b j e c t s  no ted  t h a t  the odor 
of  s t y r e n e  was f a i n t ,  whi le  the o t h e r  fo u r  b a r e ly  p e rce ive d  i t  a t  the end of 
the exper iment  [69],

Although the odor of s ty r e n e  was r e p o r t e d  to be m odera te ly  s t r o n g  by the 
s u b j e c t  in  the 2-hour  exposure  a t  117 ppm and by the th r e e  s u b j e c t s  in  the
1-hour exposure  a t  51 ppm, no untoward s u b j e c t i v e  symptoms o r  o b j e c t i v e  
s ign s  of  i l l n e s s  were r e p o r t e d  [69],

C l i n i c a l  l a b o r a to r y  t e s t  r e s u l t s  t h a t  remained normal fo l lo w in g  each  of 
the exposure  s e s s i o n s  inc luded  comple te blood coun t  (CBC), s e d im en ta t io n  
r a t e ,  r e t i c u l o c y t e  coun t ,  serum g lu t a m ic -p y ru v i c  t ransam inase  (SGPT), l a c t i c  
dehydrogenase ,  a l k a l i n e  p h o sp h a ta s e ,  blood u rea  n i t r o g e n  (BUN), c r e a t i n i n e ,  
and blood g lu c ose .  Ur inary  h i p p u r i c  a c id  e x c r e t i o n  was n o t  s i g n i f i c a n t l y  
a l t e r e d  by the s t y r e n e  exposu res ;  p re -e xp o su re  v a lu e s  were 0 . 8 - 3 . 0  g/24
hours and the pos texposu re  v a lu e s  were 1 .0 -2 .9  g /24  hou rs .  S ty rene
c o n c e n t r a t i o n s  in  exhaled  b r e a t h  samples dur ing  the exposures  were 25% of 
the c o n c e n t r a t i o n  p r e s e n t  in  the exposure  chamber,  which i n d i c a t e d  abou t  75% 
r e t e n t i o n .  C on c e n t ra t io n s  of s t y r e n e  found in  the blood and pos texposu re  
a l v e o l a r  a i r  a t  the end of v a r i o u s  p e r io d s  a r e  p re s e n te d  i n  Table  IV-2.  
P e rce n ta g es  of  absorbed s t y r e n e  exha led  d u r ing  v a r io u s  p e r io d s  a f t e r  removal  
from exposure  a r e  a l s o  g iven .  A f t e r  the exposure ,  only smal l  amounts of 
s t y r e n e  were e l im in a t e d  in  the b r e a t h ;  f o r  example,  1.2% of the absorbed 
s t y r e n e  was e l im in a t e d  du r ing  the 4 hours  a f t e r  the end of exposure  a t  117 
ppm [69 ] .
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TABLE IV-2

CONCENTRATIONS OF STYRENE IN CHAMBER AIR, POSTEXPOSURE VENOUS BLOOD,
AND ALVEOLAR AIR

S ty rene  C o n c e n t r a t io n
Exposure

(h)
Chamber

a i r
(ppm

Blood
( m g / l i t e r )

A lv e o la r
A ir

(ppm)
Absorbed S ty rene  

Exhaled  in  
Pos texposure  P e r io d s

1 51 0 .2 - 0 . 7 1.0 0.7% i n  7 h
7 99 0 .9 - 1 . 4 1.3 0.7% in  2 h
1 117 1.7 - -

2 117 2.7 1.8 1.2% in  4 h
Taken from S t e w a r t  e t  a l .  (69)

Hake e t  a l .  [70] exposed 10 men i n  groups  of 2-4 f o r  1, 3, or  7.5  hours
a day to 0 ,  20, 100, o r  125 ppm s t y r e n e  vapor .  E i g h t  women i n  groups of  1-4
were exposed a t  0 o r  100 ppm. Each s u b j e c t  was p a r t  of more then one group,  
b u t  nonexposure  weekends or  c o n t r o l  exposures  ( i . e . ,  0 ppm) were
i n t e r s p e r s e d  w i th  the s ty r e n e  exposu re s .  For the men th e r e  were 3 days of 
exposure  a t  20 ppm, 4 days a t  100 ppm, 4 days a t  100 ppm w i th  the 
c o n c e n t r a t i o n  f l u c t u a t i n g  between 75 and 125 to s im u la t e  workroom exposures ,  
5 days a t  125 ppm, and 7 days a t  0 ppm. The women were exposed to 100 ppm 
on 4 days and to 0 ppm on 2 days.  The exposure  chamber f o r  c o n t r o l
exposures  was i n i t i a l l y  odor ized  by the i n t r o d u c t i o n  of  s t y r e n e  vapor a t  10 
ppm upon e n t r y  of the s u b j e c t s ,  then  reduced w i t h i n  10 minutes to 0 ppm.

D ai ly  check of the  t em pera ture  and blood p r e s s u r e ,  u r i n a l y s i s ,  and 
c o n t i n u a l  medica l  s u r v e i l l a n c e  d u r ing  the  s tudy  by a p h y s i c i a n  re v e a le d  no 
unusual  a b n o r m a l i t i e s  t h a t  cou ld  be a t t r i b u t e d  to exposures  to s ty r e n e  
vapor ;  n e i t h e r  d id  the weekly b a t t e r y  of c l i n i c a l  chem is t ry  t e s t s .  The
weekly CBC d id  r e v e a l  t h a t  e i g h t  of the ten  male s u b j e c t s ,  a f t e r  t h r ee  
c o n s e c u t iv e  days of exposure to 125 ppm, had e l e v a t e d  b a s o p h i l s  i n  the 
d i f f e r e n t i a l  a n a l y s i s  of blood samples drawn on the morning of the f o u r t h  
day.  The abnormal v a lu es  ranged from 3 to 5%, the normal l a b o r a to r y  va lue  
be ing  0 to  1% [70] .

No d e l e t e r i o u s  e f f e c t  on e q u i l i b r i u m  was found as measured by modif ied  
Romberg and h e e l - t o - t o e  t e s t s .  There were some changes i n  3 of  6 s u b j e c t s  
in  bo th  v i s u a l  evoked re sponse  and EEG ampl i tude  over the course  of the 
study deemed by the i n v e s t i g a t o r s  [70] as c o n s i s t e n t  w i th  CNS d e p re s s io n .  
However, the changes were n e i t h e r  uni fo rm in  a l l  s u b j e c t s  i d e n t i c a l l y  
exposed to s t y r e n e ,  nor were they c o n s i s t e n t  in  magnitude w i t h i n  s u b j e c t s .
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Pulmonary v e n t i l a t i o n  (VE) v a l u e s ,  fo rced  v i t a l  c a p a c i t y  (FVC), f r a c t i o n  
of  FVC exha led  in  one second (FEV^/FVC), peak e x p i r a t o r y  f l o w - r a t e  (PEFR), 
and maximal m id -e x p i r a to ry  f l o w - r a t e  (MMEF) in  g e n e ra l  showed no e f f e c t s  of 
s ty r e n e  exposure .  The i n v e s t i g a t o r s  [70] s t a t e d  t h a t  decrements  in  maximal 
e x p i r a t i o n  v a l u e s ,  found in  s u b j e c t s  r e p e a t e d ly  exposed f o r  7 1/2 hours to 
100 ppm s t y r e n e ,  i n d i c a t e d  a p o t e n t i a l  e f f e c t  on pulmonary mechanics t h a t  
needed f u r t h e r  s tudy .

There was no s i g n i f i c a n t  v a r i a n c e  in  c o g n i t i v e  t e s t i n g  sc o re s  because of 
s t y r e n e  exp o su re s .  E l e c t r i c a l l y  evoked electromyogram (EMG) c o n f i g u r a t i o n  
and l a t e n c y  between s t im u lu s  and re sponse  were found to be c o n s i s t e n t  
th roughout  the p e r io d  of s tudy .  The s u b j e c t s  were a l s o  asked  to no te  on a 
c h e c k l i s t  s u b j e c t i v e  symptoms d u r ing  the exper im ent .  The o v e r a l l  da ta  
i n d i c a t e d  a d ose - re sponse  r e l a t i o n s h i p  between two s u b j e c t i v e  symptoms, eye,  
nose ,  and t h r o a t  (EyNT) i r r i t a t i o n  and headache.  For the men, the inc idence  
of EyNT i r r i t a t i o n  was 13% a t  0 ppm, 17% a t  20 ppm, 20% a t  100 ppm, 33% a t  
exposures  f l u c t u a t i n g  between 75 and 125 ppm t h a t  averaged  100 ppm, and 45% 
a t  125 ppm; the inc idence  of headache was 3% a t  0 and 10 ppm, 0% a t  100 ppm, 
13% a t  100 ppm ( f l u c t u a t i n g  e x p o s u r e s ) ,  and 12% a t  125 ppm [7 0 ] .  There was 
no s p e c i f i c  I n d i c a t i o n  as to which exposure  time ( i . e . ,  1, 3, or  7 1/2
hours)  the v a r io u s  s u b j e c t i v e  re sp o nse s  were e l i c i t e d  a t  a g iven  exposure 
c o n c e n t r a t i o n .  For the women, the inc ide n ce  of EyNT i r r i t a t i o n  was 8% a t  0 
ppm and 32% a t  100 ppm; the inc ide n ce  of  headache was 0% a t  0 ppm and 35% a t  
100 ppm.

In  1974, changes in  psychomotor f u n c t i o n  du r ing  s t y r e n e  exposure  were 
examined by Gamberale and H ul tengren  [71 ] .  Twelve h e a l th y  men, 21-31 y ea rs  
o ld ,  were a s s ign e d  to e i t h e r  of two groups of s i x .  Each group was 
s e q u e n t i a l l y  exposed to  s t y r e n e  vapor f o r  fou r  con se c u t iv e  30-minute p e r io d s  
a t  50, 150, 250, and 350 ppm. The s u b j e c t s ,  whi le  a t  r e s t ,  inha led
s t y r e n e - a i r  m ix tu re s  through a mouthpiece w i th  very  l i t t l e  b r e a t h in g  
r e s i s t a n c e .  During the f i n a l  20 minutes  of each 30-minute exposure  p e r io d ,  
t e s t s  of  p e r c e p tu a l  speed (num er ica l  r e c o g n i t i o n  and n um er ica l  sequence) ,  
s imple r e a c t i o n  t ime,  cho ice  r e a c t i o n  t ime,  and manual d e x t e r i t y  were 
g iven .  At some p o i n t  du r ing  each  of the f i v e  t e s t s ,  each  s u b j e c t ' s  h e a r t  
r a t e  was reco rded .

These same tasks  were a l s o  performed under c o n t r o l  c o n d i t i o n s .  To 
d i s g u i s e  the i n t r o d u c t i o n  of s t y r e n e  i n t o  the exposure  chamber and the 
changing c o n c e n t r a t i o n s  of s t y r e n e ,  the a u t h o r s  [71] began the  c o n t r o l  
exper iments  w i th  a s t ro ng  smell  of s t y r e n e  s t i l l  in  the mouthpiece ,  and 
ended w i th  a 3-minute exposure to s t y r e n e .  Upon comple tion  of  each  2-hour 
s e s s i o n ,  the v o lu n t e e r s  e v a lu a t e d  t h e i r  own c o n d i t i o n s .  S ix  p a i r s  of 
c o n t r a s t i n g  c o n d i t i o n  d e s c r i p t i o n s  were used:  c a lm / h u r r i e d ,  a c t i v e / p a s s i v e ,
r e l a x e d / t e n s e ,  w e l l  d i s p o s e d / i l l  d i sp o sed ,  u n a f f e c t e d / a f f e c t e d ,  and 
s p r y / t i r e d .  These were e v a lu a t e d  on 7 - p o i n t  s c a l e s  in  which p o i n t  4 
d e s c r ib e d  normal f e e l i n g s  and p o i n t s  1 and 7 the ex t rem es .  At the end of 
the  exposure ,  the s u b j e c t s  f e l t  g e n e r a l l y  more tense  and a f f e c t e d  than under 
c o n t r o l  c o n d i t i o n s .  None of the s u b j e c t s  b e l i e v e d  t h a t  h i s  per formance on 
any t e s t  d u r ing  exposure had been impai red  [71].
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There were no s i g n i f i c a n t  changes from c o n t r o l  v a lu e s  in  the manual 
d e x t e r i t y  o r  p e r c e p t u a l  t e s t s .  However, t h e re  were changes in  r e s u l t s  of 
the r e a c t i o n  time t e s t s .  The d i f f e r e n c e s  between exp e r im e n ta l  and c o n t r o l  
v a lu es  f o r  s imple  r e a c t i o n  time i n c r e a s e d  th roughout  the  exposure  and w i th  
the i n c r e a s i n g  of the s t y r e n e  c o n c e n t r a t i o n s .  These d i f f e r e n c e s  were 
s t a t i s t i c a l l y  s i g n i f i c a n t  only d u r ing  exposure  a t  350 ppm s ty r e n e  a f t e r  
c o n s e c u t iv e  30 minute exposures  each  to 50, 150, and 250 ppm. The
i n v e s t i g a t o r s  d id  n o t  employ an ex p e r im e n ta l  des ig n  t h a t  al lowed them to 
d i s t i n g u i s h  the e f f e c t s  of  bo th  exposure  time and c o n c e n t r a t i o n  [71 ] ,

I n  1974, O l t ram are  e t  a l .  [72] r e p o r t e d  t h e i r  s tudy  of the t o x i c i t y  of 
s t y r e n e  in  man. The study  inc luded  exper im ents  w i th  s i x  v o l u n t e e r s ,  th ree  
of  whom had p re v io us  o c c u p a t io n a l  exposure  to s t y r e n e .  None of the 
o c c u p a t i o n a l l y  exposed group had worked w i t h  s t y r e n e  d ur ing  the 15 days 
p r i o r  to exp e r im e n ta l  exposure .  Comprehensive p h y s i c a l  examinat ions  were 
g iven b e f o r e  the s t u d i e s  began.

The r e s u l t s  of  these  exam ina t ions  were w i t h i n  normal l i m i t s  excep t  f o r  
one case  of  s l i g h t  anemia.  The exposures  were conducted  in  a chamber t h a t  
was 2.6x2x3 m (15 .6  cu m); s t y r e n e  was in t ro d uc e d  by blowing a i r  from 
o u t s i d e  the  chamber a c r o s s  a s t y r e n e  v a p o r i z e r .  The chamber was des igned  
w i th  an a i r  i n t a k e  v e n t  in  the c e i l i n g  t h a t  p rov ided  a s l i g h t  a i r  change in  
the  chamber d u r in g  exposure  [72] ,

F o r t y - t h r e e  exposure  s e s s i o n s  (1 -3  hours  each)  were h e ld ,  u s in g  one to 
two s u b j e c t s  a t  a t ime.  Two s u b j e c t s  were exposed to s t y r e n e  once a t  
300 ppm, a l l  s i x  s u b j e c t s  were exposed one o r  two t imes a t  c o n c e n t r a t i o n s  of 
100 and 200 ppm, and most  were exposed a t  3-5 ppm and 50 ppm. For 
comparison,  f i v e  of  the s i x  p a r t i c i p a n t s  were exposed to to lu en e  a t  200 ppm, 
and two were each  exposed to 1 , 1 , 2 - t r i c h l o r o - 1 , 2 , 2 - t r i f l u o r o e t h a n e  a t  300 
and 600 ppm.

Psychomotor f u n c t i o n s  of the t h r ee  s u b j e c t s  who had been o c c u p a t i o n a l l y  
exposed were s t u d i e d  w i th  simple v i s u a l ,  a u d i o v i s u a l ,  and m u l t i p l e  s t i m u l i  
r e a c t i o n  time t e s t s .  The s u b j e c t s  were i n d i v i d u a l l y  exposed i n  s e s s i o n s  
t h a t  l a s t e d  90 m inutes .  A l l  s u b j e c t s  were f i r s t  exposed a t  3-5 ppm of 
s t y r e n e  to o b t a i n  c o n t r o l  d a t a .  I n  o th e r  exposure  s e s s i o n s  a t  l e a s t  1 week 
a p a r t ,  the s u b j e c t s  were exposed in  random o rd e r  to s t y r e n e  a t  50, 100, and 
200 ppm, and to to luene  a t  200 ppm. A f i n a l  exposure s e s s i o n  a t  3-5 ppm 
s ty r e n e  was conducted  to o b t a in  a d d i t i o n a l  c o n t r o l  d a t a .  One s u b j e c t  was 
n o t  exposed to s t y r e n e  a t  50 ppm, and d a t a  from a n o th e r  s u b j e c t  were n o t  
o b ta in ed  f o r  to luene  o r  the f i n a l  3-5 ppm s e s s i o n .  At each s e s s i o n  r e a c t i o n  
t imes were de te rmined  b e f o r e ,  1 hour a f t e r  s t a r t ,  and then 30 minutes a f t e r  
the exposures  [72],

Simple v i s u a l  r e a c t i o n  t imes measured d u r in g ,  and 30 minutes a f t e r  
exposure  a t  3-5 ppm were abou t  the  same as  p re -e xp o su re  v a l u e s .  At 50, 100, 
and 200 ppm of s t y r e n e ,  r e a c t i o n  t imes l eng thened  by 12-37% dur ing  exposure 
as compared w i th  p re -exposu re  v a l u e s ;  h a l f  an hour a f t e r  removal  from 
exposure ,  r e a c t i o n  t imes in  s u b j e c t s  exposed a t  200 ppm were s t i l l  i n c re a s e d
11-35% compared w i th  p re -exp o su re  v a lu e s  [72] .
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The a u d i o v i s u a l  r e a c t i o n  time t e s t  r e q u i r e d  the s u b j e c t s  to push a 
b u t t o n  in  re sponse  to e i t h e r  a g reen  l i g h t  o r  a sound.  R e s u l t s  ob ta ined  
d u r ing  exposure  were s i m i l a r  to those  of the simple  v i s u a l  r e a c t i o n  time 
t e s t ,  i . e . ,  a drop in  performance  a t  exposures  to s ty r e n e  a t  50, 100, and 
200 ppm.

The m u l t i p l e  s t im u lu s  r e a c t i o n  time t e s t  c o n s i s t e d  of t h r e e  v i s u a l  and 
two a u d i t o r y  s t i m u l i .  The 50 ppm s t y r e n e  c o n c e n t r a t i o n  had no e f f e c t  on
per fo rmance .  The a b i l i t y  of the s u b j e c t s  to perform t h i s  d i f f u s e  a t t e n t i o n
t e s t  improved w i th  re p ea te d  t r i a l s ,  bo th  du r ing  each  s e s s i o n  and from the
f i r s t  s e s s i o n  to the  l a s t .  Thus, as  the a u th o r s  [72] commented, an e f f e c t
of s t y r e n e  a t  50 ppm, i f  p r e s e n t ,  might  have been masked by l e a rn in g  
e f f e c t s .  However, decrements of ab o u t  2% were found d u r in g  and a f t e r  
exposure to s ty r e n e  a t  100 ppm and of ab o u t  10% d ur ing  and a f t e r  exposures 
to s ty r e n e  a t  200 ppm. The f u n c t i o n a l  s i g n i f i c a n c e  of  the d ec re a s e s  in 
performance  found in  any of the th r e e  t e s t s  was n o t  d i s c u s s e d  [72] ,

The a u th o r s  [72] concluded t h a t  measurement of r e a c t i o n  time was a more 
s e n s i t i v e  method than v i g i l a n c e  t e s t s  f o r  r e v e a l i n g  s l i g h t  e f f e c t s  of 
s ty r e n e  on h ig h e r  nervous system f u n c t i o n s ,  and t h a t  s ty r e n e  i n h a l a t i o n  
leads  to  n a r c o s i s .  I t  i s  n o t  e v i d e n t  whether the same con c lu s io n s  on the 
r e l a t i v e  m e r i t s  of the two types of  t e s t s  would have been reached  had the 
i n v e s t i g a t o r s  [72] c o n t r o l l e d  f o r  the  e f f e c t  of  l e a r n in g  r a t e  or  the o rd e r  
of p r e s e n t a t i o n  of t a s k s .

E q u i l ib r iu m  d i s o r d e r s  ( l o s s  of b a l a nc e )  du r ing  s t y r e n e  exposure  were 
a l s o  i n v e s t i g a t e d  by Olt ramare  e t  a l .  [72] in  t h r e e  of the s i x  s u b j e c t s  
u s in g  a s p e c i a l  p l a t fo rm  f o r  q u a n t i t a t i v e  as sessm en t  of  each  s u b j e c t ' s  
movements d u r ing  per formance of a modif ied  Romberg t e s t .  In  each  4-minute 
p e r io d ,  the number of movements was reco rded .  S t a t i s t i c a l l y  s i g n i f i c a n t  
d i f f e r e n c e s  between r e s u l t s  o b ta in ed  from 1-hour exposures a t  3-5 and 200 
ppm and between 100 and 200 ppm were found,  b u t  no d i f f e r e n c e s  were found 
between r e s u l t s  ob ta ined  a t  3-5 ppm and those ob ta ined  a t  100 ppm, 
su g g e s t in g  a th r e s h o ld  between 100 ppm and 200 ppm a t  which performance  of 
t h i s  t e s t  was impaired .  However, due to the sm al l  sample s i z e  and the l a rge  
d i s p e r s i o n  of  d a t a ,  the a u th o r s  [72] s t a t e d  t h a t  the r e s u l t s  should be 
confirmed w i th  o th e r  experiments  b e f o r e  drawing any d e f i n i t e  c o n c lu s io n s .

S ty rene  i n  exhaled  and a l v e o l a r  a i r  was measured in  a s e r i e s  of 
experiments  w i th  a hydrogen flame i o n i z a t i o n  hydrocarbon a n a l y z e r ,  and the 
pe rcen tage  of r e t a i n e d  s ty r e n e  was c a l c u l a t e d .  Usual ly  two s u b j e c t s  were 
exposed t o g e th e r .  To dete rmine  a l v e o l a r  s ty r e n e  c o n c e n t r a t i o n s ,  the 
s u b j e c t s  were asked to exhale  norm al ly  i n t o  a p l a s t i c  bag and then make a 
fo rced  e x h a l a t i o n  i n t o  a tube connec ted  to a hydrocarbon a n a l y z e r .  The 
average  r e t e n t i o n  was abou t  64% of the inh a le d  s t y r e n e .  A c o r r e l a t i o n  
c o e f f i c i e n t  of 0.88  was found between the s ty r e n e  c o n c e n t r a t i o n  i n  a l v e o l a r  
a i r  d u r ing  exposure  and t h a t  in  i n s p i r e d  a i r .  A lv e o la r  a i r  c o n c e n t r a t i o n s  
were monito red  f o r  s e v e r a l  hours a f t e r  the exposures .  At a g iven  exposure 
c o n c e n t r a t i o n ,  the removal  of s t y r e n e  from a l v e o l a r  a i r  depended on d u r a t i o n  
of exposure .  The f a t  c o n t e n t  of  the s u b j e c t s  was e s t im a te d  from
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an th ro p o m e t r i c  measurements; per sons  w i t h  the g r e a t e s t  e s t im a t e d  amount of 
f a t  had lower s t y r e n e  c o n c e n t r a t i o n s  in  a l v e o l a r  a i r  and longer  r e t e n t i o n  of 
s ty r e n e  [72 ] .

U r ina ry  m a n d e l a t e / c r e a t i n i n e  r a t i o s  were e l e v a t e d  by s t a t i s t i c a l l y  
s i g n i f i c a n t  amounts (p<0.05) over c o n t r o l  v a lu es  i n  the two s u b j e c t s  s t u d i e d  
a f t e r  90-minute s t y r e n e  exposures .  However, exposures  f o r  90 minutes a t
100, 200, and 300 ppm d id  n o t  produce d i f f e r e n c e s  i n  mandel ic a c id
c o n c e n t r a t i o n s  t h a t  were l a r g e  enough to d i s t i n g u i s h  between the exposures 
[72 ] .  The s i x  s u b j e c t s  were asked to n o t e  the occu r rence  of  12 symptoms 
dur ing  and a f t e r  the exposures .  From a l l  of the e xpe r im en ta l  exposure 
s e s s i o n s ,  a t o t a l  of  55 r e p o r t s  of  i n d i v i d u a l  r e sponses  were a v a i l a b l e  f o r  
a n a l y s i s  (Table  IV-3 ) .  For each of  the 12 symptoms in  the t a b l e ,  the number 
of p o s i t i v e  responses  i s  p r e s e n t e d  as the  numerator  of  a r a t i o .  The
denominator  i s  the t o t a l  number of  i n d i v i d u a l  r e p o r t s  f o r  the  exposure 
c o n c e n t r a t i o n .  A g iven  s u b j e c t  cou ld  have been t e s t e d  more than once a t  a 
g iven  c o n c e n t r a t i o n .  For example,  a t  100 ppm th e re  were 13 
s u b j e c t - e x p o s u r e s ( d e n o m in a to r ) , g a s t r a l g i a  was expe r ienced  3 t imes 
(n u m era to r ) .  I t  was n o t  e v i d e n t  from the r e p o r t  whether one s u b j e c t
expe r ienced  g a s t r a l g i a  on th r e e  o cc a s io n s  o r  whether t h r e e  d i f f e r e n t  
s u b j e c t s  exp e r ien ced  g a s t r a l g i a  [7 2 ] .
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TABLE IV-3

NUMBER OF TIMES SYMPTOMS REPORTED/NUMBER OF SUBJECT-EXPOSURES

S ty rene
ppm

Symptom 3-5 50 100 200 300

I r r i t a t i o n
Lips D 0/10 0/6 1/13 2/12 0/2

P 0/10 0/6 0/13 1/12 0/2
Eyes D 1/10 4/6 4/13 7/12 2/2

P 0/10 0/6 1/13 2/12 0/2
Nose D 4/10 3/6 7/13 5/12 1/2

P 2/10 1/6 3/13 2/12 0/2
G a s t r a l g i a D 0/10 0/6 3/13 5/12 1/2

P 0/10 0/10 1/13 2/12 0/2
Nausea D 0/10 0/6 5/13 4/12 2/2

P 0/10 0/6 1/13 2/12 0/2
D iz z in e s s D 1/10 1/6 0/13 3/12 0/2

P 0/10 1/6 0/13 2/12 0/2
Headaches D 1/10 3/6 10/13 10/12 2/2

P 0/10 2/6 8/13 9/12 0/2
S le e p in e s s D 3/10 2/6 12/13 12/12 2/2

P 1/10 1/6 4/13 11/12 2/2
Poor concen­ D 1/10 4 /6 9/13 11/12 2/2

t r a t i o n P 0/10 2/6 4/13 9/12 2/2
I n t o x i c a t i o n D 0/10 1/6 2/13 6/12 1/2

P 0/10 1/6 1/13 3/12 0/2
F a t ig u e D 2/10 4 /6 10/13 9/12 2/2

P 2/10 4/6 9/13 9/12 2/2
Mal,aise D 0/10 1/6 7/13 7/12 2/2

P 0/10 0/6 1/13 0/12 0/2
D = o cc u r re n c es  dur ing  exposure  
P = p e r s i s t e n c e  a f t e r  exposure
Taken from 01 tramare e t  a l .  [72]
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Symptoms i n d i c a t i v e  of n a r c o s i s  and those  r e f e r a b l e  to the d i g e s t i v e  
t r a c t  i n c r e a s e d  w i th  i n c r e a s i n g  s t y r e n e  c o n c e n t r a t i o n s .  At 50 ppm, the 
i n v e s t i g a t o r s  172] r e p o r t e d  t h a t  abo u t  h a l f  of  the  s u b j e c t s  expe r ienced  what  
was d e s c r ib e d  as p r e n a r c o t i c  d i s c o m f o r t .  The frequency  of eye i r r i t a t i o n  
g e n e r a l l y  i n c r e a s e d  w i th  s t y r e n e  c o n c e n t r a t i o n ,  b u t  the  o t h e r  symptoms of 
i r r i t a t i o n  d id  n o t .

When s u b j e c t s  who had worked w i th  s t y r e n e  were compared w i th  those 
w i th o u t  o c c u p a t io n a l  exposure ,  i t  appeared t h a t  the s t y r e n e  workers  had 
become accustomed to some s t y r e n e  e f f e c t s .  With the  e x c e p t io n  of  symptoms 
of i r r i t a t i o n ,  the symptoms noted  were c o n s i s t e n t l y  fewer f o r  the  s u b j e c t s  
w i th  p re v io u s  s ty r e n e  exposures  than  f o r  the o th e r  s u b j e c t s .  The workers 
p r e v io u s ly  exposed to s t y r e n e  r e p o r t e d  i r r i t a t i o n  a t  3-5 ppm, and Olt ramare  
e t  a l .  [72] con s ide red  t h a t  the g r e a t e r  degree  of  d i s c o m fo r t  of  the eyes ,  
nose ,  and mouth may have been due to ch ron ic  inflammat ion  from working w i th  
s t y r e n e .  O lt ramare  e t  a l .  [72] a l s o  concluded t h a t  the nervous  systems of 
the s u b j e c t s  w i th  p rev ious  s ty r e n e  exposure were e i t h e r  l e s s  s e n s i t i v e  than 
those of o t h e r  s u b j e c t s  o r  t h a t  the s u b j e c t s  o c c u p a t i o n a l l y  exposed to 
s ty r e n e  in  the p a s t  had become accustomed to the e f f e c t s  of  s t y r e n e .

S u b je c t s  who had n o t  been p r e v i o u s l y  exposed to s t y r e n e  complained of 
eye i r r i t a t i o n ,  headaches ,  s l e e p i n e s s ,  d i f f i c u l t y  in  c o n c e n t r a t i n g ,  and 
f a t i g u e  when exposed a t  50 ppm. When exposed a t  100 ppm, they a l s o  
complained of g a s t r a l g i a ,  nausea ,  and m a la i s e .  The a u t h o r s  [72] cau t ioned  
t h a t  t h e i r  s t u d i e s  were p r e l im in a r y  and based on an i n s u f f i c i e n t  number of 
s u b j e c t s .

I n  1979, O dkv is t  e t  a l .  [73] r e p o r t e d  the exp e r im e n ta l  s tudy  of f i v e  
men, 22-34 y e a r s  o ld ,  exposed to s t y r e n e  a t  300 ppm f o r  1 hour .  The 
v o l u n t e e r s  had no h i s t o r y  t h a t  i n d i c a t e d  d i s e a s e  of the nervous  system, 
eyes ,  o r  e a r s .  The exposure  took p la c e  v i a  a b r e a t h in g  va lve  dur ing  l i g h t  
e x e r c i s e  (50 Wat ts )  on a b i c y c l e  ergometer  w i th  no s i g n i f i c a n t  
e l e c t r o c a rd io g ra m  (ECG) changes rec o rd e d .  The a b i l i t y  of the  eyes to fo l low 
a s t r i p e  p a t t e r n  ( p a s s in g  a t  a r a t e  of 40 a n g u la r  deg rees  p e r  second) in  an 
o p t o k i n e t i c  t e s t ,  immediately a f t e r  s t y r e n e  exposure ,  d e t e r i o r a t e d  in  a l l  
f i v e  t e s t  s u b j e c t s ,  a l th ou g h  n o t  s i g n i f i c a n t l y  more so than in  c o n t r o l l e d  
exper iments  w i th  no s t y r e n e  exposure .  No p o s i t i o n a l  nystagmus,  f i x a t i o n  
nystagmus,  or  ba lance  d i s t u r b a n c e  ( s t a n d i n g  on one l eg  w i t h  eyes c lo sed  and 
walking on a l i n e  w i th  eyes c lo se d )  was observed in  any of the t e s t  
s u b j e c t s .  The mean c o n c e n t r a t i o n  of s t y r e n e  in  the  blood a f t e r  1 hour of 
exposure was 8.7 mg/kg. The a u th o r s  [73] i n t e r p r e t e d  the d e t e r i o r a t i o n  of 
the e y e ' s  c a p a b i l i t y  to fo l low an o b j e c t  as  a s ty r e n e  e f f e c t  t h a t  decreased  
the i n h i b i t o r y  e f f e c t  of the ce rebe l lum  on the motor f u n c t i o n  of the eyes .

C l i n i c a l  S tu d i e s
C l i n i c a l  s t u d i e s  of workers  exposed to s ty r e n e  can be c l a s s i f i e d  by the 

r e l a t i v e  e x t e n t  to which e f f e c t s  a r e  l i k e l y  to  be due to s t y r e n e .  In  the
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p ro d u c t io n  of p o ly s t y r e n e ,  o c c u p a t io n a l  exposures  a r e  a lm os t  e n t i r e l y  to 
s t y r e n e .  In  p l a n t s  t h a t  produce s t y r e n e  monomer, the re  may a l s o  be exposure 
to benzene and e thy lbenzene .  In  p l a s t i c s  a p p l i c a t i o n s  such as r e i n f o r c e d  
p l a s t i c s / c o m p o s i t e s  (RP/C) where s t y r e n e  i s  a s o l v e n t - r e a c t a n t  f o r  
c o p o ly m e r i z a t io n ,  s ty r e n e  i s  the major a i r  con tam inant ;  however,  t h e re  a re  
concom itan t  exposures to f i b r o u s  g l a s s ,  c a t a l y s t s ,  a c c e l e r a t o r s ,  c l e a n in g  
s o l v e n t s ,  and o th e r  chem ica ls .  In  many of the RP/C a p p l i c a t i o n s ,  the 
o p e r a t io n s  invo lve  p o t e n t i a l  c o n t a c t  of  the sk in  w i th  l i q u i d  s t y r e n e .  During 
SBR p r o d u c t i o n ,  workers a r e  exposed to numerous i n g r e d i e n t s  and emiss ions  
(d u r ing  v u l c a n i z a t i o n  and c u r in g )  b e s id e s  low l e v e l s  of s t y r e n e .  Thus,  the 
l i k e l i h o o d  t h a t  observed  to x ic  e f f e c t s  a r e  due to s ty r e n e  exposure  a lone  i s  
g r e a t e s t  in  the  p ro du c t io n  of p o l y s t y r e n e ,  l e s s  in  the p ro d u c t i o n  of  s ty r e n e  
and r e i n f o r c e d  p l a s t i c s ,  and even l e s s  in  SBR p ro d u c t io n .

( a )  The P rod u c t ion  of S ty rene  and P o ly s ty re n e
In  1963, an ind u s t ry -w ide  r e t r o s p e c t i v e  study of m orb id i ty  w i th  

temporary l o s s  of  work among 1,240 workers  from f i v e  R uss ian  f a c t o r i e s  was 
conducted  by Trosh ina  [74] ,  S ty r e n e ,  s t y r e n e - c o n t a i n i n g  l a t e x ,  p o l y s ty r e n e ,  
and s y n t h e t i c  rubber  were produced in  fo u r  of the f a c t o r i e s ;  s ty r e n e  
c o n c e n t r a t i o n s  were n o t  r e p o r t e d .  In  the f i f t h  f a c t o r y ,  p ro d u c t s  were made 
from p o l y s t y r e n e ,  which r e s u l t e d  in  exposures  to only " t r a c e s "  of  s t y r e n e .  
A comparison group c o n s i s t e d  of  workers w i th  no s t y r e n e  exposure  from 
a u x i l i a r y  shops in  one f a c t o r y .  Only d a ta  from workers employed f o r  a t  
l e a s t  a y e a r  were c on s ide red .

In  g e n e r a l ,  l i v e r  and g a l l  b l a d d e r  i l l n e s s  were the main d i s e a s e s  
r eco rded ;  T rosh ina  [74] found t h a t  the m o rb id i ty  r a t e  among women was abou t  
twice t h a t  o f  the men. D e t a i l s  a r e  p re s e n t e d  in  Table  IV-4. Morbid ity  due 
to l i v e r  and g a l l  b la d d e r  i l l n e s s  i n c re a s e d  w i th  i n c r e a s i n g  l e n g th  of 
employment. However, due to the l ack  of  exposure  d a t a ,  the cause  of the 
r e p o r t e d  e f f e c t s  i s  unknown.

36



TABLE IV-4

MORBIDITY DUE TO LIVER AND GALL BLADDER ILLNESS 
IN WORKERS WITH EXPOSURE TO STYRENE

P er cen tag e of Workers w i th  I l l n e s s
Fac to ry Men Women T o ta l

S ty rene  p r o d u c t io n 3.0 5.7 4.7
P ro d u c t io n  of  s t y r e n e - c o n t a in i n g 3.2 6.7 4 .8

l a t e x
P o ly s ty r e n e  p r o d u c t io n 5.4 11.9 10.5
F a b r i c a t i o n  of  p o ly s ty r e n e  p roduc ts 0 .0 0 .7 0.5
Rubber p r o d u c t io n 2.6 4 .0 3.3
A u x i l i a r y  shops ( c o n t r o l ) 1.3 2.0 1.5
Taken from T rosh ina  [74]

In  1978, s e v e r a l  c l i n i c a l  s t u d i e s  of  workers  in  a s ty r e n e  and 
p o ly s ty r e n e  p r o d u c t io n  p l a n t  in  the F e d e r a l  Repub l ic  of Germany were 
p ub l i sh e d  by T h e i s s  and F r iedheim  [75 ] ,  F l e i g  and T h e i s s  [76] ,  and The i s s  
and F l e i g  [77 ] ;  F rentzel -Beyme e t  a l .  [78] a l s o  r e p o r t e d  in  1978 on a 
r e t r o s p e c t i v e  c o h o r t  m o r t a l i t y  s tudy  (which w i l l  be d i s c u s s e d  in  the 
E p id em io lo g ica l  S tu d i e s  S e c t io n )  a t  t h i s  same f a c i l i t y .  O p e ra t io n s  in  the 
p l a n t  began in  1931, b u t  what  were d e s c r ib e d  a s  c o n s i d e r a b l e  improvements in  
equipment and s a f e t y  p r e c a u t i o n s  were made abou t  1960. Only c lo se d  systems 
were i n  use a t  the time of the r e p o r t .  I t  i s  assumed t h a t  these  changes led  
to a s i g n i f i c a n t  dec rea se  in  the s t y r e n e  c o n c e n t r a t i o n ,  b u t  compara t ive  d a ta  
were n o t  g iven .  C on c e n t ra t io n s  of s t y r e n e  as h igh  as abou t  50 ppm were 
found around some equipment.  However, workers  were seldom p r e s e n t  in  these  
a r e a s .  In  a r e a s  where workers were f r e q u e n t l y  p r e s e n t ,  s ty r e n e  
c o n c e n t r a t i o n s  i n  excess  of  1 ppm were seldom found and were always l e s s  
than  10 ppm. S ty rene  c o n c e n t r a t i o n s  were determined  in  1975 and 1976 by gas 
chromatography,  and the techn iques  used had a lower l i m i t  o f  d e t e c t i o n  of 
0 .01  ppm s ty r e n e .

Mandelic a c id  c o n c e n t r a t i o n s  i n  u r i n e  of the  s ty rene -ex po sed  workers 
were de termined  by the gas chromatograph ic  method of Engstrom and Rantanen 
[79] ,  a s  d e s c r ib e d  by S c h a l l e r  e t  a l .  [8 0 ] .  C o n c e n t r a t io n s  of  mandel ic a c id  
in  u r i n e  were l e s s  than 50 mg/1 in  61 of 67 s t y r e n e  and p o ly s ty re n e  
p r o d u c t io n  w orke rs ,  and g r e a t e r  than 100 mg/1 i n  3 of the  remaining 6. The 
da ta  were p r e s e n t e d  only i n  ba r  g raph  form, and the maximum va lue  was n o t  
r e p o r t e d .  However, as  w i l l  be d i s c u s s e d  i n  a l a t e r  s e c t i o n  ( s ee  F igu re  V - l ,  
p. 141),  mandelic  a c id  c o n c e n t r a t i o n s  of 200 mg/1 cor respond  to 8-hour TWA 
exposures  of  abo u t  10 ppm.
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In  the m orb id i ty  study a t  t h i s  p l a n t  [75] the re  were 84 workers who had 
been engaged in  s ty r e n e  p ro d u c t io n  f o r  1-36 y e a r s ,  93 workers  who had been 
engaged in  p o ly s ty re n e  p ro du c t io n  f o r  1-38 y e a r s ,  and 62 c o n t r o l  s u b j e c t s  
w i th  s i m i l a r  ag es .  In  1975-1976,  the numbers of days l o s t  through s i ckn es s  
were no g r e a t e r  f o r  s ty r e n e  and p o ly s ty r e n e  workers than f o r  a l l  workers a t  
the f a c t o r y ,  and a c c i d e n t  r a t e s  were no g r e a t e r  than f o r  a l l  p ro du c t io n  
workers .  There were no s i g n i f i c a n t  f i n d i n g s  from examinat ion  of medica l  
reco rds  o r  from p h y s i c a l  examinat ions  t h a t  inc luded  c h e s t  roentgenograms and 
measurements of  v i t a l  c a p a c i t y .  L abo ra to ry  t e s t s  inc luded  CBC, thrombocyte
coun t ,  measurement of a c t i v i t i e s  of serum g lu t a m i c - o x a l o a c e t i c  t ransam inase
(SGOT), gam ma-g lu tam yl t ranspep t idase  (GGTP) ( a l s o  known as 
gamma-glutamy1t r a n s f e r a s e ) ,  l a c t i c  dehydrogenase ,  SGPT, and a l k a l i n e
p hospha ta se ,  measurement of t o t a l  b i l i r u b i n ,  a lbumin,  e r y th r o c y t e
se d im en ta t ion  r a t e ,  thymol t u r b i d i t y ,  and c r e a t i n i n e  and u rea
c o n c e n t r a t i o n s .  Although unusual  v a lu e s  were o c c a s i o n a l l y  found among the
t e s t  r e s u l t s ,  th e re  were no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  in  the 
f r e q u e n c ie s  of t h e i r  occu r rence  between the exposed workers  and the 
unexposed c o n t r o l s .

S tu d i e s  of chromosomes from lymphocytes of workers exposed to s t y r e n e  a t  
t h i s  German p l a n t  were r e p o r t e d  in  1978 by F l e i g  and T h ie ss  [76] and Theiss  
and F l e i g  [7 7 ] .  A r e f e r e n c e  group of 20 men from the same f a c t o r y ,  b u t  n o t  
exposed to s t y r e n e ,  was used f o r  comparison w i t h  each  group of workers 
s t u d i e d .  F ive  workers  engaged in  the p ro d u c t io n  of  s t y r e n e  had a s l i g h t l y  
lower f requency  of a b e r r a n t  c e l l s  than the r e f e r e n c e  group (1.6% v s .  2.1%).  
Twelve workers who had s p e n t  19-39 y e a r s  in  the p ro d u c t io n  of  p o ly s ty re n e  
a l s o  had a lower r a t e  of a b e r r a t i o n s  than  the r e f e r e n c e  group (1.9% vs .  
2.1%).

There have been a number of r e p o r t s  [ 5 8 ,8 1 ,8 2 ,8 3 ,8 4 ,8 5 ,8 6 ,8 7 ]  on s t u d i e s  
of workers  i n  one U.S. p l a n t  t h a t  manufac tured s t y r e n e  and p o ly s ty r e n e .  
S i x t y - f i v e  p e r s o n a l  c h a rc o a l  tube samples f o r  o rg an ic  vapors  were c o l l e c t e d  
dur ing  surveys  in  1973 by Maier e t  a l .  [84 ] .  A l l  b u t  10 of the s ty r e n e  
c o n c e n t r a t i o n s  were l e s s  than 5 ppm, and a l l  b u t  one were l e s s  than  20 ppm. 
S ix  benzene samples were in  the range of 10-50 ppm, two were between 5 and 
10 ppm, and 43 were l e s s  than  1 ppm w i t h  34 of  those be ing  below the l i m i t  
of d e t e c t i o n .  The h i g h e s t  c o n c e n t r a t i o n  of e thy lbenzene  was 4 ppm. Except  
f o r  3 of 65 to luene  samples be ing  212-262 ppm, to luene  was p r e s e n t  a t  l e s s  
than 10 ppm. Acetone was p r e s e n t  in  8 samples a t  3-10 ppm. There were 
t r a c e s  of  pen tane  (used as a blowing ag e n t )  in  15 samples .  The h ig h e s t  
c o n c e n t r a t i o n s  of s t y r e n e ,  benzene ,  and to luene  r e s u l t e d  from s p i l l s  and 
l e a k s .  Of 34 d e t e c t o r  tube samples ,  one i n d i c a t e d  a h igh  benzene 
c o n c e n t r a t i o n  (30-60 ppm) and one i n d i c a t e d  a h igh  to luene  c o n c e n t r a t i o n  
(300-400 ppm) a f t e r  a s p i l l  of a b en zene - to lu ene  s o l u t i o n  in  the benzene 
b u i l d i n g ;  the benzene c o n c e n t r a t i o n  de termined  by a d e t e c t o r  tube sample in
t h i s  b u i l d i n g  the n e x t  day was 15 ppm [84] .

One of the f i v e  samples of r e s p i r a b l e  d u s t  (7 .6  mg/cu m) measured in  the 
p o ly s ty r e n e  sc re e n in g  a re a  was above the OSHA l i m i t  of  5 mg/cu m. 
T r i c a lc ium  phosphate  p e r s o n a l  r e s p i r a b l e  d u s t  samples taken  in  the
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p o ly s ty r e n e  s c re e n in g  a r e a  c o n ta in ed  8 .3  and 4 .5  mg/cu m, r e s p e c t i v e l y .  
Coal d u s t  c o n c e n t r a t i o n s  in  the power house were 1 .2 ,  1 .8 ,  5 .0 ,  and 11.9 
mg/cu m. The h i g h e s t  d u s t  c o n c e n t r a t i o n  occu r red  when f l y  a sh  was loaded 
i n t o  a t ru c k .  The sample of cadmium s u l f i d e  d u s t  c o l l e c t e d  from the 
b r e a t h i n g  zone of  a worker who weighed cadmium s u l f i d e  p igments  was 0.023 
mg/cu m [84] .

When the workers  in  t h i s  f a c t o r y  were s t u d i e d  in  1975 
[ 5 8 ,8 1 ,8 2 , 8 3 , 8 5 , 8 6 , 8 7 ] ,  env i ronm en ta l  measurements were n o t  made. However, 
env i ronm enta l  samples c o l l e c t e d  in  e a r l y  1976 by the company and r e p o r t e d  by 
Wolff e t  a l .  [85] i n d i c a t e d  t h a t  exposures  of  s t y r e n e  p o ly m e r i z a t io n  workers  
were s i m i l a r  to those  found in  1973 by Maier  e t  a l .  [8 4 ] ,  and t h a t  exposures 
to s ty r e n e  d ur ing  copolymer p ro d u c t io n  and s t y r e n e  p u r i f i c a t i o n  may have 
i n c r e a s e d .

S ty rene  was n o t  d e t e c t e d  by s p e c t ro p h o to f lu o ro m e t ry  ( lower  d e t e c t i o n  
l i m i t  of 2 ng /1 )  i n  the blood of 244 of the  364 w orkers ;  the h i g h e s t
c o n c e n t r a t i o n  found was 90 ng/ml [86] .  By compar ison,  S te w a r t  e t  a l .  [69]
found 910 ng s t y r e n e /m l  of  blood i n  t e s t  s u b j e c t s  exposed f o r  7 hours  a t  99
ppm s t y r e n e ,  and Astrand  e t  a l .  [88] found 300 ng s t y r e n e /m l  of  blood in
t e s t  s u b j e c t s  exposed to  s t y r e n e  f o r  30 minutes a t  50 ppm.

Var ious hydrocarbons in  f a t  samples taken by nee d le  a s p i r a t i o n  were 
dete rmined  by g a s - l i q u i d  chromatography and g a s - l i q u i d  chromatography/mass 
spec t ropho tom et ry  [87 ] ,  S ty rene  c o n c e n t r a t i o n s  of 0 .1 - 1 . 2  yg /g  of f a t  were 
found i n  13 of  25 w orkers ,  a l l  13 whose l a s t  exposure  to s t y r e n e  was 3 days 
o r  l e s s  b e f o r e  the f a t  samples were taken .  No s ty r e n e  was found in  f a t
samples taken from the remaining workers whose exposure  to s t y r e n e  was
e i t h e r  low or had occur red  more than 3 days b e f o r e  the f a t  sampling.

U rinary  mandel ic  a c id  was determined  by the gas chromatograph ic  method 
of Buchet  e t  a l .  [89 ] .  Mandelic a c id  c o n c e n t r a t i o n s  were below the l i m i t  of 
d e t e c t i o n  (10 mg/g of  c r e a t i n i n e )  in  341 of 477 u r i n e  samples [8 6 ] ,  The
h i g h e s t  mandelic  a c id  c o n c e n t r a t i o n  was 140 mg/g of  c r e a t i n i n e .  By 
compar ison,  P h i l i p p e  e t  a l .  [90 ] ,  u s in g  the same method,  found mandelic  a c id  
a t  abou t  250 mg/g of c r e a t i n i n e  in  u r i n e  c o l l e c t e d  a t  the end of the
w o r k s h i f t  from workers  exposed a t  7-26 ppm. Other i n v e s t i g a t o r s  [91,92] 
u s ing  o th e r  gas chromatographic  methods found t h a t  a mandel ic a c id  
c o n c e n t r a t i o n  of  140 mg/g of  c r e a t i n i n e  was a s s o c i a t e d  w i th  TWA exposures  of 
workers to s t y r e n e  a t  7 .5 -15  ppm. In  summary, the mandel ic a c i d ,  and blood 
and f a t  s t y r e n e  d a t a  [85 ,86 ,87 ]  i n d i c a t e d  t h a t  TWA exposures  to s t y r e n e  were 
p robably  l e s s  than  10 ppm.

Toluene was d e t e c t e d  in  16 of  25 w orke rs ,  b u t  in  measu rable  amounts of  
0 .2 - 0 .3  yg/g  of  f a t  in  only 3. Benzene was d e t e c t e d  i n  t h r e e  w orke rs ,  b u t  
n o t  in  measurable  amounts.  E thylbenzene  was found in  f a t  samples from 21 of 
25 workers a t  c o n c e n t r a t i o n s  of 0 . 1 - 0 . 7  yg /g .  Although the workers  were 
never  exposed to e thy lbenzene  a t  a i r b o r n e  c o n c e n t r a t i o n s  g r e a t e r  than  4 ppm, 
e thy lbenzene  was found in  84% of the f a t  samples,  and t r a c e s  were found as 
long as 90 days a f t e r  exposure .  A g a s - l i q u i d  chromatographic  peak t h a t  had
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a r e t e n t i o n  time i d e n t i c a l  to t h a t  of 1 -p h e n y le th a n o l ,  a p o s s i b l e  m e t a b o l i t e  
of b o th  s t y r e n e  and e th y lb enzene ,  was found in  the a n a l y s i s  of  f a t  from a l l  
seven p o ly m e r i z a t io n  workers .  However, the p resence  of  1 -pheny le thano l  was 
n o t  confi rmed by o t h e r  methods [87] ,

According  to  Maier e t  a l .  [84 ] ,  company p o l i c y  r e q u i r e d  t h a t  w hi te  blood 
c e l l  coun ts  (WBC) and hemoglobin and h e m a t o c r i t  d e t e r m in a t i o n s  be made every 
6 months f o r  each  worker in  a r e a s  where benzene exposure  was p o s s i b l e .  
R epor ts  from the p rev io us  y e a r  were examined,  and on e i g h t  occas ions  
abnormal r e s u l t s  c o n s i s t e n t  w i th  benzene p o i so n in g  were found. However, 
when the  i n d i v i d u a l s  were r e t e s t e d ,  e i t h e r  the se  r e s u l t s  were n o t  confi rmed 
or a cause  o th e r  than  benzene exposure  was found.  Based on t h e i r  e v a l u a t i o n  
of  the a v a i l a b l e  medical  i n f o rm a t io n ,  Maier  e t  a l .  [84] concluded  t h a t  the re  
was no ev idence  of ch ron ic  benzene e f f e c t s  among the workers .

Other  i n v e s t i g a t o r s  [81 ,82] conduc ted  c l i n i c a l  s t u d i e s  on 494 workers  
from t h i s  p l a n t .  S ty rene  exposures  were c l a s s i f i e d  a s  h igh o r  low on the 
b a s i s  of  job  in fo r m a t io n  and env i ronm en ta l  d a t a  o b ta in e d  from the employer 
[85] and env i ronm en ta l  da ta  r e p o r t e d  by Maier  e t  a l .  [84 ] ,  Hemoglobin 
c o n c e n t r a t i o n s  in  14% of the workers  were below 14 g/100 ml of  b lood;  3% had 
a WBC below 4,800 [82] ,  The low v a lu e s  were randomly d i s t r i b u t e d  w i th
r e s p e c t  to d u r a t i o n  and e x t e n t  of exposure .  A c t i v i t i e s  of  serum a l k a l i n e  
phospha tase ,  SGPT, GGTP, and SGOT, and the c o n c e n t r a t i o n s  of serum b i l i r u b i n  
were de te rm ined .  Only GGTP a c t i v i t y  dem onst ra ted  a s i g n i f i c a n t  r e l a t i o n s h i p  
to s t y r e n e  exposure  w i th  abou t  3% of the v a lu e s  g r e a t e r  than 45 
i n t e r n a t i o n a l  u n i t s  i n  low exposure  workers  and 7% in  h igh  exposure  workers .

L i l i s  e t  a l .  [81] and Lorimer e t  a l .  [82] a l s o  s t u d i e d  e f f e c t s  on the 
nervous system. P r e n a r c o t i c  symptoms had been expe r ienced  by abou t  10% of 
the workers  i n  the low s ty r e n e  exposure  group and 19% of those  in  the h igh  
exposure group.  P r e n a r c o t i c  symptoms were r e p o r t e d  most  f r e q u e n t l y  by 
workers  exposed more than 7 y e a r s .  Among 412 workers  who had no h i s t o r y  of 
d i a b e t e s ,  back i n j u r y ,  or  s i g n i f i c a n t  a l c o h o l  consumption,  d i s t a l  
hyp o es th e s ia  (d e c re ase d  s e n s i t i v i t y  to touch) of the lower e x t r e m i t i e s  and 
hypoac t ive  deep tendon r e f l e x e s  were found more f r e q u e n t l y  as d u r a t i o n  of 
exposure i n c r e a s e d .  D i s t a l  h y p o es th es ia  of the lower e x t r e m i t i e s  was found 
in  4.1% of those  who had worked 0 . 1 - 7 . 0  y e a r s ,  in  5.4% of those who had 
worked 7-20 y e a r s ,  and in  8.5% of those  who had worked more than 20 y e a r s .  
L i l i s  e t  a l .  [81] d id  n o t  d i f f e r e n t i a t e  between h igh  and low exposure groups 
and d id  n o t  say whether an e f f e c t  of the  w ork e rs '  ages was cons ide red .  
Because d u r a t i o n  of  exposure  p robably  c o r r e l a t e d  w i th  age ,  the e f f e c t  might  
have been a g e - r e l a t e d  r a t h e r  than e x p o s u r e - r e l a t e d .

R a d ia l  nerve  conduc t ion  v e l o c i t i e s  were s t u d i e d  i n  80 of  the workers ,  
and p e ro n e a l  nerve  conduc t ion  in  73 w orke rs ;  workers  w i th  a h i s t o r y  of  
d i a b e t e s ,  back i n j u r y ,  o r  s i g n i f i c a n t  a l c o h o l  consumption were exc luded.  
R a d ia l  nerve  conduc t ion  v e l o c i t i e s  of l e s s  than  55 meters  p e r  second (m/s)  
were found in  15 workers ,  b u t  the re  was no r e l a t i o n  to the d u r a t i o n  or  
i n t e n s i t y  of  exposure  to s t y r e n e .  P e ron e a l  ne rve  conduc t ion  v e l o c i t i e s  were
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l e s s  than 40 m/s in  12 of 63 workers  w i th  more than 7 y e a r s  of exposure  and 
i n  none of 10 workers w i th  l e s s  than  7 y e a r s .  The mean p e r o n e a l  nerve  
conduc t ion  v e l o c i t i e s  decreased  w i th  d u r a t i o n  of exposure ,  b u t  the dec re a se s  
were n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  and were n o t  r e l a t e d  to the  i n t e n s i t y  of 
exposure .  L i l i s  e t  a l .  [81] d id  n o t  g ive  da ta  concern ing  normal nerve  
conduc t ion  v e l o c i t i e s ,  a l th o u g h  i t  appea rs  t h a t  n e i t h e r  55 m/s f o r  the 
r a d i a l  nerve  n o r  40 m/s f o r  the p e r o n e a l  nerve  i s  an abnormally  low v a lu e ,  
a t  l e a s t  w i th o u t  making ad ju s tm e n t  f o r  age .  The mean age of  those w i th  
slower nerve  conduc t ion  v e l o c i t i e s  was g r e a t e r  than t h a t  of  those  w i th  
v e l o c i t i e s  d e s c r ib e d  as normal,  b u t  the age d i f f e r e n c e  was n o t  s t a t i s t i c a l l y  
s i g n i f i c a n t .

Kohn [58] r e p o r t e d  the r e s u l t s  of  a sc r e e n in g  oph tha lm o log ica l  
examinat ion  of 345 of the s ty r e n e -e x p o se d  workers .  S ty rene  exposures  
averaged approx im ate ly  5 ppm. No evidence  of o p t i c  n e u r i t i s  o r  r e t r o b u l b a r  
n e u r i t i s  was found .  S ev e ra l  workers  gave a h i s t o r y  of hav ing had s ty r e n e  
beads embedded i n  t h e i r  c o rn e a s ,  and one worker complained of beads embedded 
in  the e y e l i d  a f t e r  a va lve  had b u r s t .  C o n ju n c t iv a l  i r r i t a t i o n  r e l a t e d  to 
s ty r e n e  exposure  occurred  in  22% of the workers .  The i r r i t a t i o n  was noted 
commonly a t  s t y r e n e  c o n c e n t r a t i o n s  above 50 ppm.

In  r e s p i r a t o r y  system s t u d i e s  of the se  workers by Lorimer e t  a l .  [82],  
i t  was found t h a t  19% of the h igh  exposure  group had exper ienced  wheezing or  
t i g h t n e s s  of the c h e s t ,  compared w i th  7% of those in the low exposure 
group.  These symptoms occurred  weekly or  monthly in  abou t  12% of the h igh
exposure  group compared w i th  symptoms o c c u r r in g  in  abou t  5% of the low
exposure  group.  However, s p i r o m e t r i c  s t u d i e s  of airway e f f e c t s  d id  n o t  
su g g e s t  s i g n i f i c a n t  changes,  nor  was th e re  any r a d i o l o g i c  evidence  of 
s i g n i f i c a n t  lung change observed .

In  1971, Ponomareva and Z lob ina  [93] r e p o r t e d  on workers in  a Russ ian  
f a c t o r y  engaged in  the p ro d u c t io n  of b lock  and emuls ion  p o ly s ty re n e  and
s t y r e n e - a e r y l o n i t r i l e  (SAN). The i n v e s t i g a t o r s  examined 236 workers ;  120 
were engaged in  the p r o d u c t io n  of  b lock  p o l y s t y r e n e ,  56 i n  emuls ion  
p o ly s ty r e n e  p r o d u c t i o n ,  and 60 in  copolymer p r o d u c t io n .  E igh ty  p e r c e n t  of 
the workers were women, and most  workers  were 30-49 y ea r s  of  age .

The 120 b lock  p o ly s ty re n e  p r o d u c t i o n  workers  were d iv ided  i n t o  th ree  
groups:  ( I )  those  involved w i th  the p o ly m e r i za t io n  of s t y r e n e ,  where
c o n c e n t r a t i o n s  of  s ty r e n e  were o c c a s i o n a l l y  as h igh  as 5 ppm; ( I I )  workers 
involved  w i th  p o ly s ty re n e  f i lm  and f i l a m e n t  p r o d u c t io n ,  where they were 
exposed to  s t y r e n e  only 25-50% of the time a t  c o n c e n t r a t i o n s  below 1 ppm, 
b u t  a t  t em pe ra tu re s  of 3 0° to 40°C; and ( I I I )  a u x i l i a r y  and t e c h n i c a l  workers 
who had s h o r t ,  i n t e r m i t t e n t  exposures  to s ty r e n e  ( c o n c e n t r a t i o n s  were n o t
s p e c i f i e d )  [93] .

The 56 workers involved  in  the emuls ion  p ro d u c t io n  of  p o ly s ty re n e  were 
a l s o  d iv ide d  i n t o  th ree  groups .  Because s t y r e n e  c o n c e n t r a t i o n s  were u s u a l l y  
below 1 ppm b u t  p o ly s ty r e n e  d u s t  c o n c e n t r a t i o n s  of 8-12 mg/cu m were 
f r e q u e n t  in  the  d ry ing  and packaging  rooms, the groupings were based on

41



c o n c e n t r a t i o n s  of  p o ly s ty re n e  d u s t .  The groups were:  ( I )  workers  engaged
in  p o ly m e r i z a t io n ,  s e d im e n ta t io n ,  and c e n t r i f u g a t i o n ;  ( I I )  d ry ing  and 
packaging  workers ;  and ( I I I )  a group of m isce l l aneo us  workers  who 
exper ienced  only b r i e f  c o n t a c t  w i th  s t y r e n e  vapor and p o ly s ty r e n e  d u s t .  
Workers in  Group I  (p o ly m e r i z a t io n )  were o c c a s i o n a l l y  exposed to s ty r e n e  
c o n c e n t r a t i o n s  above 1 ppm. For the o th e r  g roups,  s t y r e n e  c o n c e n t r a t i o n s  
were g e n e r a l l y  l e s s  than 1 ppm [93 ] .

The 60 workers  engaged in  SAN manufac ture  were exposed to s ty r e n e  a t  
c o n c e n t r a t i o n s  below 1 ppm. In  c e r t a i n  o p e ra t io n s  the c o n c e n t r a t i o n  of 
a c r y l o n i t r i l e  exceeded 0 .2  ppm [93 ] .

In  each case  w i t h i n  the i n d i v i d u a l  p ro d u c t io n  u n i t s ,  i t  was those 
workers in  the  groups engaged in  the p o ly m e r i z a t io n  p r o c e s s ,  i . e . ,  groups 
d e s ig n a te d  I ,  who were exposed a t  the h i g h e s t  s t y r e n e  c o n c e n t r a t i o n s .  No 
a d d i t i o n a l  i n fo rm a t io n  was p re s e n t e d  abo u t  exposures ,  such a s  sampling and 
a n a l y t i c a l  methods,  frequency  of sampl ing,  number of samples t aken ,  o r  the 
number of workers in  each subgroup.

Upon examinat ion  of the workers who complained of f r e q u e n t  so re  t h r o a t s ,  
Ponomareva and Z lob ina  [93] found t h a t  most  workers  had a h i s t o r y  of  so re  
t h r o a t s  b e fo r e  employment a t  the f a c i l i t y .  However, the frequency  of t h i s  
com pla in t  i n c re a s e d  a f t e r  employment. About 29% of the workers  from Groups 
I  and I I  of  the  b lock  p o ly s ty r e n e  p r o d u c t io n  u n i t  and 21% of the workers 
from Group I  of the emulsion  p o l y s ty r e n e  u n i t  had t o n s i l l i t i s  w i th  a h igh  
f e v e r  4-8 t imes a y e a r .

Workers involved  in  b lock  p o l y s ty r e n e  p ro d u c t io n  had a s i g n i f i c a n t l y  
h ig h e r  inc ide n ce  of upper r e s p i r a t o r y  t r a c t  com pla in ts  than those  workers 
who had only i n t e r m i t t e n t  c o n t a c t  w i th  e i t h e r  s ty r e n e  vapor or  p o ly s ty re n e  
d u s t .  Those workers w i th  only o c c a s io n a l  exposure  to s t y r e n e  vapor and 
p o ly s ty r e n e  d u s t  had a frequency  of r e s p i r a t o r y  com pla in t s  no d i f f e r e n t  from 
t h a t  of the p o p u la t io n  of the a d j a c e n t  town. However, the inc iden ce  of 
r e s p i r a t o r y  com pla in ts  among the  r e s i d e n t s  of the a d j a c e n t  town was n o t  
r e p o r t e d ,  nor  was the time of y e a r  when the s tudy  was conducted  [93 ] ,

In  the workers engaged in  b lock  p o ly s ty r e n e  p r o d u c t io n  f o r  more than 5 
y e a r s ,  the re  was a h igh  frequency  of d ry ,  p a l e  mucosa in  the nose ,  the 
pharynx,  and o c c a s io n a l l y  the l a r y n x ,  which the i n v e s t i g a t o r s  [93] thought  
might  make these  workers more s u s c e p t i b l e  to r e s p i r a t o r y  i n f e c t i o n .  These 
mucosal  changes were found in  78% of those  workers  who had been exposed to 
s ty r e n e  a t  5 ppm p e r i o d i c a l l y  d u r ing  t h e i r  w o r k s h i f t  (Group I ) ,  and among 
those  workers  exposed a t  l e s s  than  1 ppm f o r  25-50% of t h e i r  w o r k s h i f t  f o r  
more than 5 y ea rs  (Group I I ) .  Ponomareva and Zlobina  [93] s p e c u l a t e d  t h a t
h igh  tem pera tu res  (3 0 ° to  40°C) c o n t r i b u t e d  to the e f f e c t s  observed in  the
Group I I  workers .  In  some cases  the mucosa was covered  w i th  a v i s co us
muco-puru len t  s e c r e t i o n ,  and n o seb leed s  were r e p o r t e d .  Ponomareva and
Zlobina  [93] diagnosed ch ron ic  in f lamm at ion  of the n a s a l  mucosa w i t h  a t rophy  
of the mucous membranes in  abou t  68% and ch ron ic  t o n s i l l i t i s  in  abo u t  39% of 
these  workers .
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D ys t roph ic  upper r e s p i r a t o r y  changes s i m i l a r  to those found in  the b lock 
p o ly s ty r e n e  workers  were found in  abo u t  45% of the workers  in  Group I I  of 
the emuls ion  p o ly s ty r e n e  u n i t  w orke rs .  Workers in  the emuls ion  p o ly s ty re n e  
p ro d u c t io n  u n i t  were found to have the mucosa of  t h e i r  noses  and t h r o a t s  
covered w i th  p o ly s ty r e n e  d u s t .  However, t h e r e  were fewer com pla in t s  in  the 
emulsion p o l y s ty r e n e  depar tment ,  and fewer d iagnoses  of upper r e s p i r a t o r y  
d i s e a s e .  The e x c e p t io n  were workers of Group I  where s t y r e n e  c o n c e n t r a t i o n s  
were o c c a s i o n a l l y  above 1 ppm [93 ] .

High c o n c e n t r a t i o n s  of p o ly s ty r e n e  d u s t  and e l e v a t e d  envi ronmenta l  
tem pera tu res  may have been r e s p o n s i b l e  f o r  some of the h e a l t h  e f f e c t s  no ted  
in  the w orkers .  I n  a d d i t i o n ,  the absence  of any d e s c r i p t i o n  of how the 
i n v e s t i g a t o r s  a s s e s s e d  the working environment  makes imposs ib le  an 
e v a l u a t i o n  of  t h i s  r e p o r t  in  terms of the e f f e c t  of s t y r e n e  a t  v a r io u s  
c o n c e n t r a t i o n s .  The i n v e s t i g a t o r s  [93] concluded  t h a t  the workers  who had 
the lowest  exposure  to s t y r e n e ,  h e a t ,  and p o ly s ty r e n e  d u s t  had a lower
inc idence  of  upper r e s p i r a t o r y  com pla in t s .

In  1963, Z lob ina  [94] r e p o r t e d  a study of 40 workers  s e l e c t e d  a t  random 
from two depar tments  of  a R uss ian  p o l y s ty r e n e  p ro d u c t i o n  f a c i l i t y .  S ty rene  
was the  only con tam inan t  p r e s e n t  in s i g n i f i c a n t  amounts.  I n  the b lock  
p o ly s ty r e n e  p ro d u c t i o n  depar tm ent ,  the s t y r e n e  c o n c e n t r a t i o n  (measured in
the w i n t e r  and summer of 1962) ranged from 0 .5 -2  ppm. The second 
depar tment ,  emuls ion  p o l y s ty r e n e  p ro d u c t i o n ,  had s t y r e n e  c o n c e n t r a t i o n s  of  
1-2 ppm; d u r ing  the c l e a n in g  of p ro ce s s  equipment ,  s t y r e n e  c o n c e n t r a t i o n s  
f r e q u e n t l y  exceeded 12 ppm.

The m o rb id i ty  r a t e s ,  based on i l l n e s s e s  w i t h  absence  from work,  showed 
an i n c r e a s e  i n  c o n d i t i o n s  a s c r i b e d  to the l i v e r  and b i l e  d u c t  among workers 
in  the two depar tm ents  r e s p o n s i b l e  f o r  p o l y s t y r e n e  p r o d u c t i o n ,  compared w i th  
the r a t e  f o r  the e n t i r e  f a c to r y  ( s ee  Table  IV-5 ) .  The lack  of the
d i a g n o s t i c  c r i t e r i a  used f o r  de te rm in ing  l i v e r  and b i l e  d u c t  morb id i ty  or
in f o rm a t io n  concern ing  the w orkers '  p e r s o n a l  h a b i t s ,  such as a lc o ho l  
consumption,  makes i t  d i f f i c u l t  to i n t e r p r e t  the se  r e s u l t s .
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TABLE IV-5

MORBIDITY OF POLYSTYRENE PRODUCTION WORKERS 
COMPARED WITH REST OF FACTORY

Morbidi  ty*
1959

(p e r  100 Workers) 
1960 1961

T o ta l  f a c to r y 1.7 2.7 2.1
Block p o ly s ty r e n e

produc t io n 6.7 9.7 7.5
Emulsion p o ly s ty r e n e

p ro d u c t io n 2.9 6.4 5.5
*Based on i n d i c a t o r s  of  l i v e r  and b i l e  d u c t  d i s e a s e
Taken from Zlob ina  [94]

The average  blood p r e s s u r e  of twenty workers  in  the b lock  p o ly s ty re n e  
depar tment  was found to drop c o n t i n u a l l y  du r ing  the workweek from 105/65.7 
to 93 /57 .5  mm Hg, w h i le  workers  from the  emuls ion  p o ly s ty re n e  p ro du c t io n  
depar tment  e x h i b i t e d  a blood p r e s s u r e  d ec rea se  from 104 .4 /64 .4  mm Hg to 
9 2 .8 /5 7 .2  mm Hg. Such changes were n o t  seen in  an undef ined  comparison 
group of workers  s i m i l a r l y  observed .  When the workers r e t u r n e d  to work 
a f t e r  a day o f f ,  t h e i r  blood p r e s s u r e s  had r e t u r n e d  to the i n i t i a l  v a lu e s .  
However, the  i n i t i a l  v a lu es  were n o t  r e p o r t e d ,  and i t  i s  n o t  known why the 
s y s t o l i c  and d i a s t o l i c  p r e s s u r e s  were so low. I n  a d d i t i o n ,  Z lobina  [94] 
r e p o r t e d  t h a t  38% of the  40 workers had f r e q u e n t  headaches and s u b c o s t a l  
(below a r i b )  p a i n  on the r i g h t  s i d e ,  44% exp re ssed  symptoms of i r r i t a t i o n  
of  the mucous membranes of the upper r e s p i r a t o r y  t r a c t ,  and abou t  20% had 
p a in s  in  the e p i g a s t r i c  and h e a r t  r e g io n s .

I n  1975, Z lob ina  e t  a l .  [95] r e p o r t e d  the r e s u l t s  of a s tudy of 110 
women workers  a t  a Russ ian  p o ly s ty r e n e  p l a n t  where the c o n c e n t r a t i o n s  of 
s t y r e n e  were abou t  1 ppm. Other  v o l a t i l e  components were p r e s e n t  in  only 
t r a c e  amounts.  The sampling and a n a l y t i c a l  methods used were n o t  g iven .  
The i n v e s t i g a t i o n  inc luded  a q u e s t i o n n a i r e ,  i n - d e p th  gyn eco log ica l  
exam ina t ions ,  and i n s p e c t i o n  of  i n d i v i d u a l  c l i n i c  c a rd s  and b i r t h  
h i s t o r i e s .  The c o n t r o l  group was composed of 231 female workers  in  the 
p l a n t  management and c h i l d r e n ' s  group who had no p re v io u s  i n d u s t r i a l  c o n t a c t  
w i th  chemical  s u b s ta n ce s .  To a s c e r t a i n  group c o m p a r a b i l i t y ,  the 
s o c i a l - d o m e s t i c  f a c t o r  was i n v e s t i g a t e d  by means of a q u e s t i o n n a i r e  which 
inc luded  e d u c a t i o n ,  income, l e n g th  of  h o l i d a y s ,  number of  c h i l d r e n ,  use of 
p re - s c h o o l  n u r s e r i e s ,  time s p e n t  on housework,  and time sp en t  t r a v e l i n g  to 
work.  There were no s i g n i f i c a n t  d i f f e r e n c e s  between thte groups of  workers 
and c o n t r o l s  on the c r i t e r i a  s e l e c t e d .  Both groups were d iv ided  acco rd ing  
to work e x p e r i en c e  and age.
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An a n a l y s i s  of e x t r a g e n i t a l  d i s e a s e  r e v e a l e d  a h igh  inc iden ce  of
g a s t r o i n t e s t i n a l  d i s e a s e s  (n o t  s p e c i f i e d )  in  the workers  as compared to the
c o n t r o l  group.  G yneco log ica l  exam ina t ions  were g iven  and th e re  were no
s i g n i f i c a n t  d i f f e r e n c e s  w i th  r e s p e c t  to inf lammatory  d i s e a s e s  of  the c e r v i x  
o r  vag ina ,  i n f e r t i l i t y ,  ben ign  tumors,  o r  d e v i a t i o n  of  i n t e r n a l  sex o rgans .  
The s t y r e n e  w orke rs '  in c iden ce  of inf lammatory  d i s e a s e s  of  the u t e r u s  and 
appendages (12.7% v s .  4.7%) and the inc ide n ce  of d i s o r d e r s  i n  m ens t rua l  
f u n c t i o n  (29.1% vs .  9.1%) s i g n i f i c a n t l y  d i f f e r e d  from the c o n t r o l s .  Ten
women com pla in ing  of d i s o r d e r s  in  m e n s t rua l  f u n c t i o n  were examined by the 
c o l p o c y to l o g i c a l  method which showed moderate e s t r o g e n  i n s u f f i c i e n c y  in  f i v e  
and pronounced i n s u f f i c i e n c y  in  two of them. No d i s o r d e r s  in  e s t r o g e n
s a t u r a t i o n  were found in  the o t h e r  t h r e e  women examined,  a l though  a 
hyperm ens t rua l  syndrome was observed  in  one of  them [95].

The r e p r o d u c t i v e  f u n c t i o n  of  67 female workers and 70 women in  the
c o n t r o l  group was e v a l u a t e d .  There were no s i g n i f i c a n t  d i f f e r e n c e s  between 
the groups in  the number of p re g n a n c i e s ,  b i r t h s ,  o r  induced or spontaneous  
a b o r t i o n s .  Toxemias were more f r e q u e n t  in  the f i r s t  h a l f  of pregnancy i n  the 
e xp e r im en ta l  group (49.2% vs .  18.5%). Of the toxemias ,  nephropa thy  was 
observed s i g n i f i c a n t l y  more o f t e n  in  the second h a l f  of pregnancy in  the
exp e r im en ta l  group (10.4% v s .  1.4%).

In  1978, V ere t inskaya  e t  a l .  [96] examined h e p a t i c  f u n c t i o n  in  370
workers  in  t h r e e  Russ ian  p o l y s ty r e n e  p ro d u c t i o n  p l a n t s .  I n d u s t r i a l  hygiene 
surveys  a t  one of  these  p l a n t s  3 y e a r s  a f t e r  work began th e re  showed t h a t  
s t y r e n e  c o n c e n t r a t i o n s  v a r i e d  c o n s i d e r a b l y ,  b u t  on the average  d id  n o t
exceed 1 ppm. Other workroom a i r  con tam inan ts  were i so p e n ta n e ,  
benza ldehyde ,  benzene p e r o x id e ,  and formaldehyde;  a l l  were w i t h i n
recommended c o n c e n t r a t i o n  l i m i t s .  The second p l a n t  had a i r b o rn e  
c o n c e n t r a t i o n s  of  s ty r e n e  s t a t e d  as " n o t  s i g n i f i c a n t l y  exceeding  1 ppm."
There were 20 workers examined from a t h i r d  p l a n t .  This  p l a n t ,  s ince
c lo s e d ,  had work c o n d i t i o n s  s t a t e d  to be " u n f a v o r a b l e . "

In  the  f i r s t  p l a n t ,  22% of the workers  had e l e v a t e d  b i l i r u b i n ,  caused in  
50% of the c a ses  by the f r e e  b i l i r u b i n  f r a c t i o n ,  in  30% by the con juga ted  
f r a c t i o n ,  and in  20% by an i n c r e a s e  in  bo th  f r a c t i o n s .  I n  a few cases  (8%), 
b e t a - l i p o p r o t e i n  c o n c e n t r a t i o n s  in  blood serum were e l e v a t e d .  S tu d i e s  of 
SGPT a c t i v i t i e s  were u n r e v e a l i n g .  Workers known to have h e p a t o b i l i a r y  
d i s e a s e  or  to  be a l c o h o l i c  were exc luded  from t e s t i n g .  In  the second p l a n t ,  
th e re  were i n c r e a s e s  in  b e t a - l i p o p r o t e i n  and SGPT, b u t  n o t  in  b i l i r u b i n .  
However, w h i le  these  changes were s i g n i f i c a n t  in  terms of comparison w i th  
the c o n t r o l  group,  they d id  n o t  exceed the p h y s i o l o g i c a l  l i m i t s  of 
v a r i a b i l i t y  [96 ] .

In  one shop in  the t h i r d  p l a n t ,  29% of the workers  had b i l i r u b i n  l e v e l s  
above normal l i m i t s  and t h e re  was a s l i g h t  and a p p a r e n t l y  i n s i g n i f i c a n t  
number of workers  w i th  e l e v a t e d  l e v e l s  of b e t a - l i p o p r o t e i n s . Enlarged 
l i v e r s  were found in  6 workers ,  and p a i n  in  the a r e a  of  the g a l l  b la d d e r  was 
no ted  in  20% of those examined.  In  a n o th e r  shop in  t h i s  p l a n t ,  s ty r e n e  
c o n c e n t r a t i o n s  had a t  one time exceeded the maximum p e r m i s s ib l e
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c o n c e n t r a t i o n  (MPC) of 1 ppm s e v e r a l  h und red fo ld ,  b u t  more r e c e n t l y  s ty r e n e  
c o n c e n t r a t i o n s  had been reduced i n  most  p l a c e s  to l e s s  than the MPC. In  
t h i s  shop,  t h e re  were e l e v a t e d  serum b i l i r u b i n  c o n c e n t r a t i o n s  in  20% of the 
examinees,  e l e v a t e d  b e t a - l i p o p r o t e i n s  in  an u n s t a t e d  number ( b u t  n o t  beyond 
p h y s i o lo g i c  l i m i t s ) ,  and an i n c r e a s e  in  SGPT in  13%. Leukopenia ,  s t a t e d  to 
be a c h a r a c t e r i s t i c  e f f e c t  of  s t y r e n e  exposure ,  was found in  30% of these  
workers  and in  18% of the c o n t r o l s ;  a lm os t  i d e n t i c a l  i n c id e n c e s  of moderate 
l eukopenia  had been found in  workers  i n  the f i r s t  p l a n t  and in  t h e i r  
c o n t r o l s .

There were v a r io u s  e f f e c t s  a t t r i b u t e d  to f u n c t i o n a l  changes in  the 
l i v e r .  These changes did n o t  reach  p a t h o l o g i c a l  p r o p o r t i o n s  in  the m a jo r i ty  
of the c a s e s ;  however,  the changes sugges ted  to V ere t in sk aya  e t  a l .  [96] 
d e f i n i t e  m e tab o l i c  d i s t u r b a n c e s  in  the l i v e r  c e l l s .  The r e l a t i o n s h i p  of 
s t y r e n e  to these  e f f e c t s  i s  d i f f i c u l t  to e v a lu a t e  in  t h i s  s tudy  because  of 
the s i m i l a r i t y  in  re sponses  in  a r e a s  w i th  a i r b o r n e  s t y r e n e  exposures 
b e l i e v e d  a lm os t  always to be below the MPC (1 ppm) and in  o t h e r  a r e a s  w i th  
s ty r e n e  exposures  exceeding  the MPC s e v e r a l  hundredfo ld .

(b)  P l a s t i c s  A p p l i c a t i o n s  (Mainly P roduc t ion  of RP/C)
A c l i n i c a l  s tudy of two f a c t o r i e s  in  Czechos lovakia  where r e i n f o r c e d  

p l a s t i c s  were made was r e p o r t e d  in  1960 by Bardodej  e t  a l .  [9 7 ] ,  I n  bo th  
f a c i l i t i e s  the s ty r e n e  p o l y e s t e r  r e s i n  was a p p l i e d  to wooden molds by hand;  
in  one f a c t o r y ,  however,  the r e s i n  was sometimes sp rayed  on. Regu lar  
medical  examinat ions  (n o t  s p e c i f i e d )  were g iven to the workers f o r  a 3 -yea r  
p e r i o d .

A p p a ren t ly ,  a r e a  r a t h e r  than b r e a t h i n g  zone a i r  samples f o r  the 
d e t e r m in a t i o n  of s ty r e n e  were c o l l e c t e d  on numerous o cc a s ion s  du r ing  an 
e n t i r e  w o r k s h i f t  in  v a r io u s  work a r e a s  and ana lyzed  by UV spec t ropho tom et ry  
[98 ] ,  spec t ropho tom etry  a f t e r  n i t r a t i o n  [98 ] ,  and po la rog raphy  a f t e r  
fo rm at ion  of  a l p h a - n i t r o s o - b e t a - n i t r o e t h y l b e n z e n e  [99] .  The method of 
c o l l e c t i o n  was n o t  s p e c i f i e d .  The s ty r e n e  c o n c e n t r a t i o n s  found averaged 
abou t  50 ppm.

The i n v e s t i g a t o r s  [97] measured benzoic  a c id  and phenol  in  u r i n e  
c o l l e c t e d  a t  the end of the w o r k s h i f t s  from 58 workers and 23 c o n t r o l s .  
E leva ted  c o n c e n t r a t i o n s  of su b s ta n ce s  measured as benzo ic  a c id  were 
dem onst ra ted  (800 v s .  400 mg/1) .  I n  a l a t e r  p u b l i c a t i o n ,  Bardodej  and
Bardodejova [100] s t a t e d  t h a t ,  w i t h  the a n a l y s i s  method used ,  bo th  h ip p u r i c  
a c id  and mandel ic a c id  were o x id ized  to benzoic  a c i d .  No i n c r e a s e s  in 
u r i n a r y  pheno ls  were found.  There were no major medical  f i n d i n g s  in  the 
RP/C workers e x cep t  f o r  fo u r  c ases  of  d e r m a t i t i s  t h a t  were a t t r i b u t e d  to 
o th e r  a g e n t s .  A l l  b u t  f i v e  of the workers r e p o r t e d  deve lop ing  inc rea sed  
f a t i g u e  and drowsiness  toward the end of the w o r k s h i f t .

In  1972, Dzyuba [101] p u b l i s h e d  the r e s u l t s  of an i n v e s t i g a t i o n  of a 
Russ ian  r e i n f o r c e d  p l a s t i c s  p l a n t .  Three groups of workers  were ev a lu a t e d  
over a 3 -y ea r  p e r io d  f o r  n e u r o l o g i c a l  d y s f u n c t i o n s .  Group I  c o n s i s t e d  of 70
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c o n c e n t r a t i o n  (MPC) of 1 ppm s e v e r a l  h und red fo ld ,  b u t  more r e c e n t l y  s ty r e n e  
c o n c e n t r a t i o n s  had been reduced i n  most  p l a c e s  to l e s s  than the MPC. In  
t h i s  shop,  t h e re  were e l e v a t e d  serum b i l i r u b i n  c o n c e n t r a t i o n s  in  20% of the 
examinees,  e l e v a t e d  b e t a - l i p o p r o t e i n s  in  an u n s t a t e d  number ( b u t  n o t  beyond 
p h y s i o lo g i c  l i m i t s ) ,  and an i n c r e a s e  in  SGPT in  13%. Leukopenia ,  s t a t e d  to 
be a c h a r a c t e r i s t i c  e f f e c t  of  s t y r e n e  exposure ,  was found in  30% of these  
workers  and in  18% of the c o n t r o l s ;  a lm os t  i d e n t i c a l  i n c id e n c e s  of moderate 
l eukopenia  had been found in  workers  i n  the f i r s t  p l a n t  and in  t h e i r  
c o n t r o l s .

There were v a r io u s  e f f e c t s  a t t r i b u t e d  to f u n c t i o n a l  changes in  the 
l i v e r .  These changes did n o t  reach  p a t h o l o g i c a l  p r o p o r t i o n s  in  the m a jo r i ty  
of the c a s e s ;  however,  the changes sugges ted  to V ere t in sk aya  e t  a l .  [96] 
d e f i n i t e  m e tab o l i c  d i s t u r b a n c e s  in  the l i v e r  c e l l s .  The r e l a t i o n s h i p  of 
s t y r e n e  to these  e f f e c t s  i s  d i f f i c u l t  to e v a lu a t e  in  t h i s  s tudy  because  of 
the s i m i l a r i t y  in  re sponses  in  a r e a s  w i th  a i r b o r n e  s t y r e n e  exposures 
b e l i e v e d  a lm os t  always to be below the MPC (1 ppm) and in  o t h e r  a r e a s  w i th  
s ty r e n e  exposures  exceeding  the MPC s e v e r a l  hundredfo ld .

(b)  P l a s t i c s  A p p l i c a t i o n s  (Mainly P roduc t ion  of RP/C)
A c l i n i c a l  s tudy of two f a c t o r i e s  in  Czechos lovakia  where r e i n f o r c e d  

p l a s t i c s  were made was r e p o r t e d  in  1960 by Bardodej  e t  a l .  [9 7 ] ,  I n  bo th  
f a c i l i t i e s  the s ty r e n e  p o l y e s t e r  r e s i n  was a p p l i e d  to wooden molds by hand;  
in  one f a c t o r y ,  however,  the r e s i n  was sometimes sp rayed  on. Regu lar  
medical  examinat ions  (n o t  s p e c i f i e d )  were g iven to the workers f o r  a 3 -yea r  
p e r i o d .

A p p a ren t ly ,  a r e a  r a t h e r  than b r e a t h i n g  zone a i r  samples f o r  the 
d e t e r m in a t i o n  of s ty r e n e  were c o l l e c t e d  on numerous o cc a s ion s  du r ing  an 
e n t i r e  w o r k s h i f t  in  v a r io u s  work a r e a s  and ana lyzed  by UV spec t ropho tom et ry  
[98 ] ,  spec t ropho tom etry  a f t e r  n i t r a t i o n  [98 ] ,  and po la rog raphy  a f t e r  
fo rm at ion  of  a l p h a - n i t r o s o - b e t a - n i t r o e t h y l b e n z e n e  [99] .  The method of 
c o l l e c t i o n  was n o t  s p e c i f i e d .  The s ty r e n e  c o n c e n t r a t i o n s  found averaged 
abou t  50 ppm.

The i n v e s t i g a t o r s  [97] measured benzoic  a c id  and phenol  in  u r i n e  
c o l l e c t e d  a t  the end of the w o r k s h i f t s  from 58 workers and 23 c o n t r o l s .  
E leva ted  c o n c e n t r a t i o n s  of su b s ta n ce s  measured as benzo ic  a c id  were 
dem onst ra ted  (800 v s .  400 mg/1) .  I n  a l a t e r  p u b l i c a t i o n ,  Bardodej  and
Bardodejova [100] s t a t e d  t h a t ,  w i t h  the a n a l y s i s  method used ,  bo th  h ip p u r i c  
a c id  and mandel ic a c id  were o x id ized  to benzoic  a c i d .  No i n c r e a s e s  in 
u r i n a r y  pheno ls  were found.  There were no major medical  f i n d i n g s  in  the 
RP/C workers e x cep t  f o r  fo u r  c ases  of  d e r m a t i t i s  t h a t  were a t t r i b u t e d  to 
o th e r  a g e n t s .  A l l  b u t  f i v e  of the workers r e p o r t e d  deve lop ing  inc rea sed  
f a t i g u e  and drowsiness  toward the end of the w o r k s h i f t .

In  1972, Dzyuba [101] p u b l i s h e d  the r e s u l t s  of an i n v e s t i g a t i o n  of a 
Russ ian  r e i n f o r c e d  p l a s t i c s  p l a n t .  Three groups of workers  were ev a lu a t e d  
over a 3 -y ea r  p e r io d  f o r  n e u r o l o g i c a l  d y s f u n c t i o n s .  Group I  c o n s i s t e d  of 70
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workers whose primary  exposure was to s t y r e n e ;  Group I I  comprised 30 workers  
exposed p r i m a r i l y  to phenol and a n i l i n e .  O ccupa t iona l  exposure l e v e l s  were 
n o t  g iven .  F i f t y  workers from an i n s t r u m e n t  m anufac tu r ing  f a c i l i t y  se rved  
as a c o n t r o l  group.  R e s u l t s  of  these  n e u r o l o g i c a l  examinat ions  a r e  
p re s e n te d  in  Table  IV-6.
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TABLE IV-6

RESULTS OF NEUROLOGIC EXAMINATION OF WORKERS EXPOSED TO STYRENE

P e r c e n t  With P o s i t i v e  F in d in gs

Type of F ind ings
Group I  
S ty rene

Group I I  
P h e n o l /A n i l in e  C on t ro ls

S u b je c t iv e  f i n d i n g s
C on s ta n t  headache i n c r e a s i n g 97 30 8

throughout  the  day w i th  f a t i g u e  
and s l e e p i n e s s  i n c r e a s i n g  a f t e r  
w orksh i f  t

Nausea,  d i z z i n e s s ,  h e a r t  pa in 66 20 2
O b je c t ive  f i n d i n g s

Emot ional  i n s t a b i l i t y 91 60 10
A sthen ia  (weakness) 23 ★ 4
C e re b ra l  nerve  i n s u f f i c i e n c y 26 10 *
U ns tead iness  i n  Romberg t e s t 69 * *
F in ge r  tremors of  extended hand 61 20 4
In c re a s e d  tendon r e f l e x e s 100 33 16
A n i s o r e f l e x i a 11 * *
Sympathe t ic  nervous system su p p re s s io n 100 * *

*Data was n o t  g iven 
Taken from Dzyuba t 10I ]

Among Group I  workers ,  a s o - c a l l e d  a s t h e n i c - v e g e t a t i v e  syndrome was 
observed in  22% in  the  f i r s t  y e a r ,  64% in  the  second y e a r ,  and 92% in  the 
t h i r d  y e a r  [101] .  This  n e u r a s t h e n i c  syndrome was found in  52% of Group I I  
(workers exposed to phenol  and a n i l i n e )  and i n  5% of the c o n t r o l s .  When the 
workers  in  Group I  r e t u r n e d  to work a f t e r  having  s e v e r a l  days o f f ,  only a 
s l i g h t  d ec rea se  in  the m a n i f e s t a t i o n  of  t h i s  c o n d i t i o n  was n o t i c e d ,  b u t  i t  
s u b s t a n t i a l l y  dec reased  or  d i s a p pe a re d  in  Group I I  w orkers .

In  a f a c t o r y  i n  France where e l e c t r o n i c  f i l t e r s  f o r  washing machines 
were produced ,  Bernard  [102] in  1966 found ev idence  of b lood a b n o r m a l i t i e s  
and CNS d i s t u r b a n c e s  i n  w orke rs .  The f i l t e r s  were made by p l a c in g  a 
r e s i s t o r  and a c a p a c i t o r  in  a f l e x i b l e  p l a s t i c  mold f i l l e d  w i th  a s o l u t i o n  
of p o l y e s t e r  i n  s t y r e n e  monomer. No in f o rm a t io n  was p r e s e n t e d  concern ing  
a i r b o rn e  c o n c e n t r a t i o n s  a t  the time of the s tud y ,  b u t  a f t e r  the  i n t r o d u c t i o n  
of  v e n t i l a t i o n  equipment t h a t  changed the room a i r  50 t imes p e r  hour ,  
b r e a t h in g  zone c o n c e n t r a t i o n s  of  s t y r e n e  were 40 ppm f o r  workers  who molded
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p a r t s  and 100 ppm f o r  those  who removed the  mold. Sampling and a n a l y t i c a l  
methods were n o t  d e s c r ib e d ,  nor  were c o n c e n t r a t i o n s  of  t r i c h l o r o e t h y l e n e  
used a s  a c l e a n i n g  s o lv e n t  r e p o r t e d  [102] ,

The workers  encountered  few s k in  problems,  b u t  used a sk in  cream to 
p r e v e n t  s k in  d ry ne s s .  There were,  however,  f r e q u e n t  r e p o r t s  o f  a n o re x ia ,  
a s t h e n i a  (w eakness) ,  and headache .  One worker a l s o  complained of nausea ,  
vom it ing ,  g a s t r a l g i a ,  and v e r t i g o .  S u b i c t e r i c  c o n j u n c t i v i t i s ,  s l i g h t  
leukopen ia ,  n e u t r o p e n i a ,  lym phocy tos i s ,  and a s l i g h t  anemia were found in  
t h i s  worker.  Three o th e r  workers  had severe  anemia ( r ed  blood c e l l  coun t  
(RBC) was abou t  3 ,000,000) t h a t  d i s a p pe a re d  r a p id l y  a f t e r  the workers were 
g iven  jobs  away from p o s s i b l e  s t y r e n e  exposure  [102] .  Whether the se  e f f e c t s  
p receded o r  fo l lowed i n s t a l l a t i o n  of  c o n t r o l s  was n o t  r e p o r t e d ,  though i t  
seems l i k e l y  t h a t  they were the m o t iv a t i o n  f o r  the changes.  Because of  the 
absence of p r e c i s e  i n fo rm a t io n  conce rn ing  t h i s  sequence of e v e n t s ,  t h i s  
s tudy  cann o t  be used to help  e s t a b l i s h  a recommended exposure  l i m i t .

S tu d i e s  of  fou r  workshops i n  Sweden where r e i n f o r c e d  p l a s t i c s  were 
produced were r e p o r t e d  in  1972 by G o t e l l  e t  a l .  [35] and by Axelson and 
Gustavson [103] in  1978. The 17 male workers  s t u d i e d  had a median age of  28 
y ea r s  ( r an g e ,  21-57 y e a r s )  and d u r a t i o n  of  s t y r e n e  exposure  rang ing  from a 
few days to 12 y e a r s .  P rocedures  used  to manufac ture  r e i n f o r c e d  p l a s t i c  
p ro d u c t s  invo lved  c o a t in g  wooden molds w i th  wax, cove r ing  the molds w i th  
f i b r o u s  g l a s s ,  and app ly ing  the s ty r e n e - m o d i f i e d  p o l y e s t e r  r e s i n  by e i t h e r  
hand r o l l i n g  o r  a combinat ion  of  sp ra y in g  and hand r o l l i n g .  Based on t h e i r  
o b s e r v a t i o n s ,  G o t e l l  e t  a l .  [35] judged the sk in  a b s o r p t i o n  of  s ty r e n e  under 
t hese  c o n d i t i o n s  to  be f a i r l y  low. The s t u d i e s  were conducted  in  the s p r in g  
and f a l l  so t h a t  the workers  cou ld  be examined d ur ing  moderate c l i m a t i c  
c o n d i t i o n s .  Measurements were taken on a day i n  the middle of  the week.

S ty rene  c o n c e n t r a t i o n s  in  the w ork e rs '  b r e a t h in g  zones were de te rmined  
by s e v e r a l  methods. In  two f a c t o r i e s ,  the samples were c o l l e c t e d  fo r  
30-minute p e r io d s  in  impingers c o n t a i n in g  e th a n o l  and ana lyzed  by gas 
chromatography; in  a no the r  f a c t o r y ,  a i r  was sampled s im u l tan eo u s ly  by 
a b s o r p t i o n  in  e th a n o l  and ana lyzed  by gas chromatography,  by c o l o r i m e t r i c  
i n d i c a t o r  t u b e s ,  and by a com bust ib le  gas i n d i c a t o r .  I n  the o th e r  f a c t o r y ,  
samples were c o l l e c t e d  f o r  24-66 minutes on c h a rc o a l  and ana lyzed  by gas 
chromatography.  Although G o t e l l  e t  a l .  [35] r e p o r t e d  t h a t  some workers  were 
exposed a t  500-800 ppm f o r  c e r t a i n  1-hour p e r i o d s ,  the 8 -hour TWA exposure 
c o n c e n t r a t i o n s  c a l c u l a t e d  f o r  each  worker ranged from 17-292 ppm. However, 
due to the n a t u r e  of  these  p r o c e s s e s ,  h igh  c o n c e n t r a t i o n s  of  s ty r e n e  vapor 
were o f t e n  b r i e f l y  encoun tered ;  in  t h i s  s tud y ,  c o n c e n t r a t i o n s  of  abou t  1,500 
ppm were found f o r  p e r io d s  of  5-10 m inutes .  The workers were d iv ided  i n t o  
th ree  groups based on TWA exposures  to s t y r e n e :  ( I )  235-292 ppm, ( I I )  89-139 
ppm, and ( I I I )  17-32 ppm.

A l l  workers  were g iven a b r i e f  n e u r o l o g i c a l  exam inat ion  t h a t  inc luded  an 
e v a l u a t i o n  of  the knee and A c h i l l e s  tendon r e f l e x e s ,  p u p i l l a r y  l i g h t
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r e f l e x e s ,  and v i b r a t i o n  s e n s i b i l i t y ;  r e s u l t s  of the se  t e s t s  were a l l  
normal.  A modif ied  Romberg t e s t  (one f o o t  in  f r o n t  of  the o th e r )  was g iven 
b e f o r e  and a f t e r  work.  Two workers  showed a s l i g h t l y  uns teady  Romberg t e s t  
i n  the  morning b e f o r e  work b u t  n o t  a f t e r  exposure .  A compar ison group of 17 
men from a motor workshop matched in  age to the s tudy  group was used f o r  the 
r e a c t i o n  time t e s t .  R e ac t io n  t imes of  workers exposed to s ty r e n e  a t  
c o n c e n t r a t i o n s  g r e a t e r  than 235 ppm were longer  than  those  of  workers 
exposed a t  l e s s  than  139 ppm and those  of  the age-matched c o n t r o l  s u b j e c t s ,  
b u t  s t a t i s t i c a l  t r e a tm e n t  of these  d a ta  was n o t  d e s c r i b e d .  D i f f e r e n c e s  
between p r e -  and p o s t - s h i f t  r e a c t i o n  time measurements were n o t  s i g n i f i c a n t  
in  any group [35] ,

Lung f u n c t i o n  t e s t s  c o n s i s t i n g  of  fo rc e d  e x p i r a t o r y  volume in  one second 
(FEV^) and v i t a l  c a p a c i t y  were normal in  the morning and d id  n o t  change 
d u r ing  the day [3 5 ,1 0 3 ] ,  Blood samples were taken  from 35 male workers in  
one p l a n t ,  who had been exposed to l e s s  than  abo u t  100 ppm s t y r e n e .  When 
compared w i th  a group of 12 h e a l th y  males in  a m anufac tu r ing  i n d u s t r y ,  
e l e v a t e d  l e v e l s  of  the  l i v e r  enzymes a s p a r t a t e - a m i n o - t r a n f e r a s e  (ASAT) and 
a l a n i n e - a m i n o - t r a n f e r a s e  (ALAT) were found in  the  s t y r e n e  workers [103],

Complaints  of  i r r i t a t i o n  of the eyes and nasopharynx were common [3 5 ] .  
The c o n c e n t r a t i o n  of s ty r e n e  g iv in g  r i s e  to the se  com pla in t s  v a r i e d  from 
person  to per son .  The t o l e r a n c e  to the i r r i t a n t  e f f e c t s  of  s t y r e n e  vapor 
may i n c r e a s e  w i th  exposure  t ime, because  workers  complained of only minor to 
moderate i r r i t a t i o n  d u r ing  exposures  a t  500-800 ppm f o r  s e v e r a l  h o u rs ,  w h i le  
the  i n v e s t i g a t o r s  [35] who were i n  the p l a n t  only d u r ing  the study could n o t  
t o l e r a t e  such c o n c e n t r a t i o n s  f o r  more than 1 or  2 m inu tes .  I t  was a l s o  
mentioned t h a t  s e v e r a l  workers  had q u i t  t h e i r  jobs  because  of de rm a to s i s .  
G o t e l l  e t  a l .  [35] s p e c u l a t e d  t h a t  the a g e n t s  c aus in g  the d e rm a tos i s  cou ld  
have been the perox ide  or  c o b a l t  compounds used as a c c e l e r a t o r s  and 
c a t a l y s t s .

I n  1973, Bodner e t  a l .  [104] conducted  a h e a l t h  hazard  survey  of a U.S.  
f a c to r y  where r e i n f o r c e d  p l a s t i c  b a th tu b s  were m anufac tured .  The work 
involved  sp ray in g  a f i b r o u s  g l a s s - p o l y e s t e r  r e s i n  mix tu re  onto molds and 
then h a n d - r o l l i n g ,  l a m in a t in g ,  and shap ing .  Although l o c a l  exhaus t  
v e n t i l a t i o n  was used in  some of the o p e r a t i o n s ,  the makeup a i r  was 
i n s u f f i c i e n t ;  thus ,  some workers  wore r e s p i r a t o r s .  Workers were exposed to 
s ty r e n e  a t  45-550 ppm as de te rmined  by b r e a t h in g  zone samples c o l l e c t e d  on 
c h a rc o a l  f o r  u n s p e c i f i e d  p e r i o d s .  I n  one o p e r a t i o n  where a foaming a g e n t  
was sprayed ,  workers  were exposed to methylene  b i s p h en y l  i s o c y a n a te  (MDI) a t  
0 .0 2 -0 .2 7  mg/cu m. The OSHA c e i l i n g  s t a n d a rd  f o r  MDI i s  0 .2  mg/cu m (CFR 
1910.1000) .  Exposure to a i r b o r n e  f i b r o u s  g l a s s  was n o t  measured.

T h i r t y - f i v e  workers  (21 women, 14 men) were in t e rv ie w e d ;  t h e i r  average  
age was 34 y e a r s .  The average  l e n g th  of  employment w i t h  the company was 3.7 
y e a r s ;  however,  t h i s  p a r t i c u l a r  f a c i l i t y  had only been  o p e r a t i n g  f o r  abou t  2 
y e a r s .  S ix te e n  of  the workers  (46%) smoked a t  l e a s t  1/2 pack of c i g a r e t t e s  
a day.  Four of the  o f f i c e  w orke rs ,  one man and t h r ee  women, were used  a s  a 
comparison group f o r  the i n v e s t i g a t i o n .  Complaints  of some form of eye ,
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nose ,  o r  t h r o a t  i r r i t a t i o n  were made by 34 of the 35 workers (97%) examined;  
17 (49%) complained of wheezing,  s h o r tn e s s  of b r e a t h ,  o r  c h e s t  t i g h t n e s s ,  
and 14 (40%) complained of s k in  r a s h e s ,  h iv e s ,  darken ing  s k in  c o l o r ,  o r  sk in  
s o r e s .  Other com pla in t s  inc luded  nose b l e e d s ,  a n o r e x i a ,  e x c e s s iv e  t h i r s t ,  
numbness of  e x t r e m i t i e s ,  f r e q u e n t  headaches ,  o c c a s io n a l  vom i t ing ,  and u p s e t  
s tomachs.  None of these  com pla in t s  were made by the fo u r  o f f i c e  workers who 
were in t e rv ie w ed  f o r  comparison.  S ince  MDI was a l s o  p r e s e n t  and i s  known to 
cause i r r i t a n t  e f f e c t s  s i m i l a r  to those  observed among these  workers ,  a 
d i r e c t  a t t r i b u t i o n  to s ty r e n e  canno t  be made.

In  1966, Simko e t  a l .  [105] r e p o r t e d  the e f f e c t s  of s ty r e n e  on 128 
workers  (101 women, 27 men) in  t h r e e  C zechos lovak ian  f a c t o r i e s  where 
r e i n f o r c e d  p l a s t i c s  ( c h a i r s ,  smal l  p a r t s )  were made. Average work 
e xp e r ien ce  was 1.8 y e a r s ,  w i th  20 of  the workers  having had more than 3 
y e a r s  of exposure .  O pera t ions  were e s s e n t i a l l y  the same in  a l l  t h ree  
f a c t o r i e s ,  and no r e s p i r a t o r y  p r o t e c t i o n  was used .  S ty rene  exposures in  the 
th r ee  f a c t o r i e s  ranged from 4-195 ppm; methods of  sampling and a n a l y s i s  were 
n o t  r e p o r t e d .  Table  IV-7 p r e s e n t s  the env i ronm en ta l  s ty r e n e  and u r i n a r y  
mandelic  a c id  c o n c e n t r a t i o n s  found.

TABLE IV-7
ENVIRONMENTAL STYRENE AND URINARY MANDELIC ACID CONCENTRATIONS

F ac to ry
Y e a r ( s )  of 

Exposure
Year ( s )
Measured

S ty rene  
ppm

Mandelic Acid 
mg/1

I 5 1960-65 8-195 72-2,620
I I 1 1965 5-165 80-2,100

I I I 1 1965 4-41 36-1,215
Taken from Simko e t  a l .  [105]

C l i n i c a l  and n e u r o l o g i c a l  exam inat ions  of the workers  a t  the beg inn ing  
of the study  inc luded  gyneco log ic  exam inat ions  of  the women and 
d e t e rm in a t i o n s  of SGOT, SGPT, serum c h o l e s t e r o l ,  albumin,  b i l i r u b i n ,  and 
u r i n a r y  c r e a t i n i n e  in  a l l  the workers .  I n  f a c t o r i e s  I  and I I ,  where worker 
exposure  to s t y r e n e  was the g r e a t e s t ,  a l l  r e s u l t s  from measurements of blood 
serum components were w i t h i n  normal l i m i t s ;  no s i g n s  of  l i v e r  o r  g a l l  
b la d d e r  i n j u r y  were found. The s u b j e c t i v e  symptoms r e p o r t e d  inc luded  
headache (20%), t i r e d n e s s  (15%), and drowsiness  a t  work (13%). H yper tens ion  
was found in  23% of the workers .  Simko e t  a l .  [105] concluded  t h a t  the 
primary h e a l t h  hazard  of s t y r e n e  exposure  was development of the
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n e u r a s t h e n i c  syndrome (a term n o t  d e f in e d  by the  i n v e s t i g a t o r s ) ,  which was 
found in  33% of the 20 workers  exposed to s ty r e n e  f o r  more than 3 y e a r s ,  and 
i n  13% of the workers o v e r a l l .

I n  1962, Klimkova-Deutschova [106] r e p o r t e d  n e u r o l o g i c a l  s t u d i e s  of  35 
s ty re ne -e x po se d  workers  (30 women, 5 men) in  two Czechos lovakian  RP/C 
p l a n t s .  The workers  had an average  age of 38.5  y e a r s  and an average  
exposure d u r a t i o n  of 1.9 y e a r s .  S ty rene  exposures  i n  the two f a c i l i t i e s
were 43-131 ppm and 19-98 ppm. D ib u ty l  p h t h a l a t e ,  t r i c h l o r o e t h y l e n e ,  and 
c o b a l t  n ap h th e na te  were a l s o  p r e s e n t  i n  the work env i ronment .  A c a t a l y s t ,  
which was t r a n s l a t e d  as be ing  cyc lohexy l  p e r o x i d e ,  was a l s o  p r e s e n t .
Methods of sampling  and a n a l y s i s  were n o t  r e p o r t e d .  Workers were exc luded 
in  which e a r l i e r  d i s e a s e s  such as h e p a t i t i s  o r  working w i th  o th e r  s o lv e n t s  
could have p layed  a r o l e  [107] .  Each worker was g iven  a c l i n i c a l  
examinat ion ,  and 17 had EEGs reco rded .

The most  f r e q u e n t  com pla in t s  were f a t i g u e  (41% of the  w ork e rs ) ,
headaches (51%), and drowsiness  w i th  in c r e a s e d  need f o r  s l e ep  (34%). 
N e u ro lo g ic a l  e f f e c t s  r e p o r t e d  inc luded  c r a n i a l  nerve  d i s t u r b a n c e s  (91% of 
the w o rk e r s ) ,  d im in ished  r e f l e x e s  (86%), and autonomic nervous system 
d i s o r d e r s  (34%). Performance of  a Romberg t e s t  (m a in ta in in g  ba lance  w i th  
eyes c lo s e d )  and a H au tan t  t e s t  (walk ing  w i th  eyes c lo se d )  was impaired  in  
83% of the s ty r e n e  workers .  Of the 18 EEGs of 17 w orke rs ,  5 EEGs were
judged to be normal [106] .

A subsequen t  r e p o r t  in  1973 by Klimkova-Deutschova e t  a l .  [108]
d e s c r ib e d  f i n d i n g s  in  21 workers  examined f o r  a p e r io d  of t h r e e  y ea r s  from 
the s t a r t  of  exposure .  The age d i s t r i b u t i o n  showed a marked predominance in
the range  of 40-49 y e a r s .  The a u t h o r s  [108] found an i n c r e a s e  in  r e p o r t s  of
f a t i g u e ,  d row s iness ,  headaches,  symptoms i n d i c a t i v e  of  autonomic nervous 
system d i s o r d e r s ,  and h y p o r e f l e x i a .  A lso ,  some workers  had abnormal EEGs 
a f t e r  3 y ea r s  of s t y r e n e  exposure ,  whereas no abnormal EEGs were found 
du r ing  the p re -e xp o su re  exam inat ions  [108] ,  These e f f e c t s  were m an i fes ted  
in  those workers  w i th  mandel ic a c id  l e v e l s  g r e a t e r  than 600 mg/1. Workplace 
exposure  l e v e l s  to s ty r e n e  or  o th e r  s u b s ta n ce s  were n o t  r e p o r t e d .

In  1967, Huzl  e t  a l .  [109] r e p o r t e d  an i n v e s t i g a t i o n  of f i v e  s e p a r a t e
RP/C f a c i l i t i e s  i n  Czechos lovak ia .  The average  age of  the 55 workers  (34
women, 21 men) was 38.4 y e a r s ;  ave rage  exposure  d u r a t i o n  was 1 y e a r .  In  
fo u r  of the f i v e  f a c i l i t i e s  i n v e s t i g a t e d ,  s t y r e n e  p o l y e s t e r  r e s i n  was
a p p l i e d  by hand;  the  m a t e r i a l  was sprayed  in  the f i f t h  f a c i l i t y .  Only
" p r i m i t i v e "  e n g in e e r i n g  c o n t r o l s  were in  use  in  the f o u r  a r e a s  where the 
r e s i n  was sp read  by hand;  g loves  were used  only  o c c a s i o n a l l y .  I n  a d d i t i o n  
to s t y r e n e ,  the workers  were a l s o  exposed to cyc lohexene p e ro x id e ,  a r e s i n  
c a t a l y s t ,  and to c o b a l t  n ap h th e n a te ,  an a c c e l e r a t o r .  S ty rene  c o n c e n t r a t i o n s  
in  the fou r  hand lay-up  f a c i l i t i e s  were found to be 47-94 ppm. I n  the f i f t h  
f a c i l i t y  ( s p r a y - u p ) ,  the v e n t i l a t i o n  was much b e t t e r ,  and s ty rene  
c o n c e n t r a t i o n s  were abou t  6 ppm. A comparison group examined in  an
o u t p a t i e n t  c l i n i c  had p rev ious  o c c u p a t io n a l  exposure  to a v a r i e t y  of 
su b s ta n c e s ,  i n c lu d in g  o rgan ic  s o l v e n t s ,  b u t  n o t  s t y r e n e .  Medical  h i s t o r i e s
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were taken and l i v e r  f u n c t i o n  t e s t s  per fo rmed.  Based on u r i n e  specimens 
c o l l e c t e d  a t  the end of the workweek, Huzl e t  a l .  [109] found no simple 
s t a t i s t i c a l  c o r r e l a t i o n  between u r i n a r y  mandel ic a c id  l e v e l s  and s t y r e n e  
exposure .  However, Huzl e t  a l .  [109] b e l i e v e d  t h a t  a u r i n a r y  mandelic  a c id  
c o n c e n t r a t i o n  g r e a t e r  than  300 mg/1 i n d i c a t e d  h ig h  o c c u p a t io n a l  exposure  to 
s t y r e n e .  Mandelic a c id  v a lu es  g r e a t e r  than 300 mg/1 were found i n  24% of 
the workers  examined.  The s u b j e c t i v e  com pla in ts  and o b j e c t i v e  f i n d i n g s  of 
workers  from the hand lay-up s i t e s  a r e  p re s e n t e d  in  Table  IV-8.

TABLE IV-8
SUBJECTIVE COMPLAINTS AND OBJECTIVE FINDINGS IN STYRENE-EXPOSED 

RP/C WORKERS FROM FOUR HAND LAY-UP SITES

Complaint  or  F inding P e r c e n t  of 
Workers

P e r c e n t  of 
C on t ro ls

Headaches 36.4 21.8
Drowsiness ,  f a t i g u e 23.6 20.0
D yspep t ic  problems 10.9 *
O ccupa t iona l  eczema 7.3 ★
Prolonged Weltman's  r e a c t i o n 48.1 23.6
H y p e rb i l i rub inem ia 17.1 *

♦Data was n o t  g iven
Taken from Huzl e t  a l .  [109]

Medical  h i s t o r i e s  of the w ork e rs ,  a cco rd ing  to  Huzl e t  a l .  [109] ,  
r e v ea le d  no cause  o th e r  than s t y r e n e  exposure  f o r  the  p ro longed  Weltman's  
r e a c t i o n s  n o ted ,  a n o n s p e c i f i c  t e s t  which the i n v e s t i g a t o r s  c o n s ide red  n o t  
n e c e s s a r i l y  i n d i c a t i v e  of l i v e r  d i s e a s e .  However, Huzl e t  a l .  [109] 
recommended t h a t  p r o s p e c t iv e  workers  w i th  a h i s t o r y  of l i v e r  d i s e a s e  and 
h e p a t i t i s  n o t  be al lowed to work in  a r e a s  w i th  p o t e n t i a l  exposure  to s t y r e n e .

In  1964, Z i e l h u i s  e t  a l .  [110] d e s c r ib e d  a c l i n i c a l  s tudy  of workers  in  
t h ree  f a c t o r i e s  in  the N e th e r lan ds  where r e i n f o r c e d  p l a s t i c  i tems ( i n c lu d in g  
b o a t s ,  automobi le  b od ie s ,  and small  o b j e c t s )  were manufac tured .  Boats  were 
c o n s t r u c t e d  u s in g  techn iques  in  which l a y e r s  of  f i b r o u s  g l a s s  were 
impregnated by hand w i th  a s t y r e n e -p o ly e s  t e r  m ix tu re .  The a u t h o r s  [110] 
noted  t h a t  as  the b oa t s  reached the f i n a l  s t a g e s  of  c o n s t r u c t i o n ,  and the 
work a r e a  became more e n c lo s ed ,  the  v e n t i l a t i o n  dec rea sed .  Workers had been 
exposed to s t y r e n e  f o r  2-5 y e a r s .  B re a th in g  zone c o n c e n t r a t i o n s  of  s ty r e n e  
found d u r ing  v a r io u s  o p e ra t io n s  in  the  f a c t o r i e s ,  t o g e th e r  w i th  the a u t h o r s '  
[110] c l a s s i f i c a t i o n  of workers  by job  d e s c r i p t i o n ,  a r e  l i s t e d  in  
Table IV-9.  However, p r e c i s e  in f o r m a t io n  concern ing  methods of  sampling was 
n o t  p rov ided  by the i n v e s t i g a t o r s .  Three groups of  unexposed workers served 
as c o n t r o l s .
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TABLE IV-9

AVERAGE STYRENE CONCENTRATIONS AT THREE FACTORIES

Fac to ry Group
Number of 
Workers Works i te

S ty rene  
ppm

A Aa 5 P i l o t  p l a n t  
Boat  c o n s t r u c t i o n 24-94

Ab 6 P i l o t  p l a n t  
Labora to ry  worker 7

Ac 5 P i l o t  p l a n t  
Maintenance N e g l ig ib l e

B Ba 8 S t e e l  Works 
Boat  C o n s t r u c t i o n 24-94

Bb 8 S t e e l  Works
Car body c o n s t r u c t i o n 24-94

Be 22 S t e e l  Works 
Small  o b j e c t  con­

s t r u c t i o n 7
Bd 21 S t e e l  Works 

U p h o l s t e r e r s  and 
s t e e l  workers N e g l i g i b l e

C Ca 6 Ship Wharf 
Boat  c o n s t r u c t i o n 24-94

Cb 5 Ship Wharf 
C a rp en te r s N e g l ig ib l e

Taken from Z i e l h u i s  e t  a l .  [110]
Although p h y s i c a l  examinat ions  ( i n c l u d i n g  blood c o u n t s ,  organ f u n c t i o n  

t e s t s ,  and u r i n a l y s i s )  r e v e a le d  no a b n o r m a l i t i e s  t h a t  cou ld  be a t t r i b u t e d  to 
the work s i t u a t i o n ,  many of the workers  in  f a c t o r i e s  B and C r e p o r t e d  having  
symptoms d u r in g  t h e i r  work w i th  s t y r e n e .  Workers '  symptoms i n  f a c t o r i e s  B 
and C a r e  p r e s e n t e d  i n  Table  IV-10.  Data r e p o r t e d  in  Table  IV-10 were 
o b ta in e d  th rough  the use  of  a q u e s t i o n n a i r e  g iven  a t  the end of the s h i f t  on 
the days t h a t  the a i r  samples were taken .  The number of  symptoms noted  by 
the workers  d ec reased  w i th  d e c r e a s in g  exposure .  The a u th o r s  [110]

54



concluded  t h a t  a r e l a t i o n s h i p  e x i s t e d  between the w o rk e rs '  f e e l i n g s  of 
d i s c o m fo r t  and s t y r e n e  exposure .  The most  s t r i k i n g  symptoms of d i s c o m fo r t  
were mucosal i r r i t a t i o n  and d ro w s in ess .  The workers r e p o r t e d  t h a t  symptoms 
d isap p ea red  r a p i d l y  when they l e f t  the work a r e a .

TABLE IV -10 
SYMPTOMS OF WORKERS AT TWO PLASTICS PLANTS

Symptoms Percen tage*  of Workers R e po r t ing  Symptoms
F ac to ry  and Group

Ba
N=8

Bb
N=8

Be
N=22

Ca
N=6

Cb
N=.

Drowsiness 90 90 70 50 0
Apa thy 70 70 50 10 0
Mental  f a t i g u e 50 90 30 0 0
Anorexia 70 30 10 50 0
D izz in es s 30 70 10 50 10
Headache 70 30 50 30 30
F e e l i n g  groggy 10 50 10 30 0
Nervousness 30 10 10 10 10
Agi ta  t io n 30 30 10 0 10
Nervous t e n s io n 50 30 50 0 10
G a s t r i c  p a in 10 10 10 10 0
Tear flow 90 70 50 0 10
Eye i r r i t a t i o n 90 90 50 90 0
Sneez ing /cough ing 70 30 30 70 10
♦Actual va lue  i s  the range of  the t a b u l a t e d  va lue  +10; e . g . ,  90 means t h a t  
the p e rcen tag e  of  workers  r e p o r t i n g  symptoms was between 80 and 100.
Taken from Z i e l h u i s  e t  a l .  [110]

In  1975, Gamberale e t  a l .  [ I l l ]  s t u d i e d  106 workers  in  fo u r  Swedish RP/C 
b o a t  p l a n t s .  S ty rene -exposed  workers  inc luded  p l a s t i c s  workers and 
mechanics.  The comparison  group c o n s i s t e d  of  36 workers  i n  the same 
l o c a l i t y  a s  two of the b o a t  p l a n t s ,  n o t  exposed to s t y r e n e .  S ty rene  
exposures  v a r i e d  from 10-120 ppm f o r  the p l a s t i c s  workers  and from 6-60 f o r  
the mechanics who were exposed a t  l e v e l s  up to 312 ppm f o r  24 m inu te s ,  whi le  
working in  narrow sp aces .

R e a c t io n  time was measured by hav ing  the s u b j e c t  r e s t  h i s  w r i s t  and 
forearm on a t a b l e ,  w i th  h i s  f i n g e r t i p s  in  c o n t a c t  w i th  a p r e s s u r e  p l a t e .  
The time between se e in g  a l i g h t  s i g n a l  and p r e s s i n g  the  p l a t e  w i th  the 
f i n g e r t i p s  was the  r e a c t i o n  t ime,  exp ressed  as the  mean of 160 re sponses  
over a 10-minute p e r i o d .  Workers exposed to s t y r e n e  had s i g n i f i c a n t l y  
longer  r e a c t i o n  t imes than age-matched c o n t r o l s .  Th is  d i f f e r e n c e

55



was e v i d e n t  b e f o r e  work s t a r t e d  in  the  morning,  and showed a tendency to 
i n c r e a s e  d u r in g  the workday [111] .  The d a ta  were n o t  c o l l e c t e d  i n  a manner 
to a l low in f e r e n c e s  on c o n c e n t r a t i o n - r e s p o n s e  r e l a t i o n s h i p s  to be made.

In  1977, Bergman and Lindberg  [112] conducted i n d u s t r i a l  hyg iene  and 
medical  s t u d i e s  a t  fo u r  Swedish f a c t o r i e s  where b o a t s  were made of f i b r o u s  
g l a s s - r e i n f o r c e d  p l a s t i c s .  TWA s t y r e n e  exposures  ranged from 3-312 ppm f o r  
39 of the workers w i th  29 of  the workers  hav ing TWA exposures  l e s s  than  100 
ppm. Samples were c o l l e c t e d  w i th  c h a r c o a l  tubes o r  g l a s s  s y r i n g e s  and 
ana lyzed  w i th  a gas chromatograph.  I n t e r v i e w s  and medica l  examinat ions  were 
g iven to 81 workers  exposed to s t y r e n e  and 32 workers  w i th  no s ty r e n e  
exposu res .  The 32 c o n t r o l s  inc luded  some workers  from o t h e r  i n d u s t r i e s .  
S u b je c t iv e  symptoms e l i c i t e d  from the 81 s t y r e n e  workers  inc luded  f a t i g u e  
t h a t  was n o t  a t t r i b u t e d  to the h ea v in e s s  or  i n t e n s i t y  of  the  work (60%), 
con fus ion  o r  d i z z i n e s s  (38%), nausea  (14%), headache (25%), and poor memory 
(21%). Only one of  the c o n t r o l s  mentioned any of the above s u b j e c t i v e  
symptoms in  con n ec t io n  w i th  t h e i r  work.

R o s e n s t e e l  and Meyer [113] e v a lu a t e d  h e a l t h  haza rd s  i n  a U.S.  f a c i l i t y  
where r e i n f o r c e d  p l a s t i c  b oa t s  were manufac tured .  An i n i t i a l  survey in  1975 
dem onst ra ted  t h a t  some exposure  c o n c e n t r a t i o n s  of  s t y r e n e  were g r e a t e r  than 
1 0 0  ppm and t h a t  the workers were a l s o  exposed to a c e to n e ,  methylene 
c h l o r i d e ,  methyl  e t h y l  k e to n e ,  n ap h th a ,  t o lu e n e ,  x y le ne ,  and a s b e s t o s .  
Twenty-one p e r s o n a l  a i r  samples in  the l am in a t io n  a rea  were o b ta in ed  in  1976 
by the c o l l e c t i o n  on c h a rc o a l  f o r  abo u t  7 hou rs .  TWA s t y r e n e  exposures 
averaged 69 ppm and ranged from 9-111 ppm. These same workers  a l s o  had 
average  TWA exposures  of 56 ppm ac e to ne  and 2 ppm methylene c h l o r i d e  (OSHA 
s t a n d a rd s  a r e  1,000 ppm and 500 ppm, r e s p e c t i v e l y ) .

During one of  the su rveys ,  9 of 14 workers in te rv iew ed  r e p o r t e d  symptoms 
of s t y r e n e  exposure  on the day of the i n t e r v i e w ,  and a l l  14 s t a t e d  t h a t  they 
had, a t  some time in  t h i s  f a c t o r y ,  expe r ienced  symptoms of s t y r e n e  exposure 
such as eye and r e s p i r a t o r y  i r r i t a t i o n  [113] .  These da ta  a r e  p re s e n t e d  in  
Table IV-11.
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TABLE IV-11

WORKERS WHO EXPERIENCED EFFECTS WHILE MANUFACTURING 
REINFORCED PLASTICS

Symp tom No. of  Workers P e r c e n t

Eye i r r i t a t i o n 13 93
Skin  ra sh 8 57
Nose i r r i t a t i o n 7 50
Headache 7 50
T h ro a t  i r r i t a t i o n 4 29
Ches t  pa in 4 29
D iz z in e s s 2 14
F a t i g u e /d r o w s in e s s 2 14
Cracked hands 2 14
I r r i t a b i l i t y /n e rvo u snes s 1 7
Cough 1 7

Adapted from R o s e n s t e e l  and Meyer [113]

During the l a s t  survey in  1976, s e r i a l  d e t e c t o r  tube sampling p rocedures  
were used by R o s e n s t e e l  and Meyer [113] to  de te rmine  5-minute peak 
c o n c e n t r a t i o n s  of  s t y r e n e  in  w ork e r s '  b r e a t h i n g  zones ;  c o n c e n t r a t i o n s  of 
50-400 ppm were found.  Analyses  of  samples c o l l e c t e d  dur ing  
h u l l - s t i f f e n i n g ,  h u l l  sp ra y in g ,  f i b r o u s  g l a s s  a p p l i c a t i o n ,  and h u l l  r o l l - o u t  
a r e a s ,  showed t h a t  s t y r e n e  c o n c e n t r a t i o n s  f o r  5-minute  p e r io d s  ranged from 
200-400 ppm.

During the medica l  s tud y ,  41 workers  were examined;  22 workers  (16 men 
and 6 women w i t h  average  ages of 28.7 y e a r s  and 35 .2  y e a r s ,  r e s p e c t i v e l y )  
were from the l am in a t io n  a r e a .  The o t h e r  19 examined f o r  comparison were 
from o t h e r  a r e a s  of  the f a c to r y  w i th  l i t t l e  or  no s t y r e n e  exposure  (13 men, 
average  age 29.6  y e a r s ;  6 women, average  age 24.0 y e a r s ) .  Workers from the 
lam in a t io n  a r e a s  were matched w i t h  the c o n t r o l  group on the b a s i s  of age ,  
sex ,  and smoking h i s t o r y .  However, because  of the f requency  of com pla in ts  
of upper r e s p i r a t o r y  and eye i r r i t a t i o n  exp re ssed  by t h i s  group,  perhaps 
from exposure  to o t h e r  i r r i t a n t s ,  t h e i r  use as a comparison group may have 
been i n a p p r o p r i a t e .  A i r  samples o b ta in e d  over 6 -7 .5  hours from 10 of the 19 
c o n t r o l s  i n d i c a t e d  TWA exposures to s t y r e n e  below the l e v e l  of d e t e c t i o n  f o r  
6 , 9-14 ppm f o r  3, and 62 ppm f o r  1. A medica l  h i s t o r y  was ob ta in ed  from 
each  worker,  and a p h y s i c a l  and c l i n i c a l  exam inat ion  of each  worker was 
made. A l l  r e s u l t s  from blood a n a l y s e s  were w i t h i n  normal l i m i t s .  Although 
the l a m in a t io n  workers  had s i g n i f i c a n t l y  e l e v a t e d  c o n c e n t r a t i o n s  (p<0.05) of 
serum u r i c  a c id  w i th  r e s p e c t  to the comparison group,  the l e v e l s  were w i t h i n  
normal l i m i t s  [113] .
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At the t ime of the e v a l u a t i o n ,  a l l  22 l a m in a t io n  workers  had 
w o r k - r e l a t e d  symptoms as d id  55% of the comparison group.  S u b je c t iv e  
com pla in t s  t h a t  the workers  r e p o r t e d  o c c u r r i n g  d ur in g  t h e i r  work w i th  
s t y r e n e  and o b j e c t i v e  f i n d i n g s  a t  the time of the study  a r e  p re s e n te d  in 
Table IV-12.

TABLE IV-12
SUBJECTIVE COMPLAINTS AND OBJECTIVE FINDINGS OF WORKERS WHO MADE

REINFORCED PLASTICS

Percen tag e
Exposed

of Workers With Complaints  
C on t ro l

S u b je c t iv e  com pla in t s
Eye i r r i t a t i o n 45 26
Nose i r r i t a t i o n 95 37
Nasal  c o n g e s t io n 82 37
Cough 23 21
C hes t  t i g h t n e s s 23 16
Wheezing 18 §
S ho r tne s s  of  b r e a t h 54 11
Nausea and vomit ing 0 0
Muscle weakness 4 5
F a t ig u e 36 5
Headache 14 5

O b je c t iv e  f i n d in g s
Skin  r a s h 14 0
C o n ju n c t i v a l  erythema 41 5
Nasal  erythema 86 63
Mouth and t h r o a t  erythema 45 32
Abnormal t h y ro id  s i z e 14 5
R a les  and wheezes 9 0

Taken from R o s e n s t e e l  and Meyer [113]

The average  maximal m i d - e x p i r a to ry  f l o w - r a t e  (MMEF) of l am in a t io n  
workers  t h a t  smoked was s i g n i f i c a n t l y  l e s s  (p<0.05) a t  the  end of the s h i f t  
than a t  the beg inn ing  when compared w i th  the smokers in  the c o n t r o l  group.  
Pulmonary f u n c t i o n  t e s t s  (FVC, FEV]^) d id  n o t  r e v e a l  any o t h e r  s i g n i f i c a n t  
d i f f e r e n c e s  between s t y re ne -e x po se d  workers  and those used f o r  comparison.  A 
number of s u g g e s t io n s  were made conce rn ing  improvement of  work p r a c t i c e s  and 
e n g in e e r in g  c o n t r o l s ;  one recommendation made was t h a t  the workers  i n  the 
h igh  exposure  a r e a s  be d is couraged  from smoking [113] .
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I n  1968, M a ts u s h i t a  e t  a l .  [59] r e p o r t e d  on 14 male p ro d u c t io n  workers 
and 10 male o f f i c e  workers  used as c o n t r o l s  from a f a c t o r y  where plywood was 
lamina ted  w i th  a s t y r e n e - p o l y e s t e r  r e s i n .  The men had been employed f o r  3-6 
y e a r s ;  t h e i r  average  age was 29.8 y e a r s .  C o n c e n t r a t io n s  of s ty r e n e  
a s s o c i a t e d  w i th  d i f f e r e n t  o p e r a t i o n s  in  the c o a t i n g  p ro ces s  ranged from 
50-600 ppm; in  o t h e r  a r e a s ,  no s t y r e n e  was d e t e c t e d .  O ther subs tances  
i n c l u d in g  to lu en e  normally  were d e t e c t e d  only  in  t r a c e  amounts.  Toluene 
(50-550 ppm), e t h y l  a c e t a t e  (3-160 ppm), and methanol (100-1 ,000  ppm) were 
p r e s e n t  in  the a i r  when the equipment  was c leaned  d a i l y  dur ing  a 30-40 
minute p e r i o d ;  the workers took tu r n s  c l e a n in g  the  equipment .  The method of 
sampling and the number of  samples taken  were n o t  r e p o r t e d .  However, the 
su bs ta n ce s  were ana lyzed  by gas chromatography.

Using q u e s t i o n n a i r e s  and i n t e r v i e w s ,  i t  was found t h a t  a l l  14 of the 
s ty re ne -e x po se d  workers  expe r ienced  t h r o a t  p a in ,  t h a t  12 of  them (86%) t i r e d  
e a s i l y ,  and t h a t  11 (79%) caugh t  co ld s  e a s i l y .  Eye p a i n ,  bad b r e a t h  dur ing  
work, h ea v in e s s  of  the head, and f e e l i n g  unwell  du r ing  work were each  
r e p o r t e d  by 10 workers  (71%). Nose p a i n ,  headache,  d i z z i n e s s ,  p a l p i t a t i o n  
and an o p p re s s iv e  s e n s a t i o n  of the c h e s t ,  a n o r e x ia ,  d rowsiness  dur ing  work, 
l o s s  of  w e ig h t ,  and severe  f o r g e t f u l n e s s  were r e p o r t e d  by 6-9 of the 
s ty re ne -e x po se d  workers (43-64%).  Heaviness  of  the head ( t h r e e  com pla in t s )  
was the most  common com pla in t  of the comparison group of 10 o f f i c e  workers ;  
a l l  o th e r  com pla in t s  were r e p o r t e d  by only  1 or  2 of  t h i s  group.  While 8 of 
the s ty r e n e -e x p o s e d  workers  (57%) complained of d ec reased  v i s i o n ,  
oph tha lmologic  exam inat ions  confi rmed  t h i s  in  only  4. C o n t rac ted  f i e l d s  of 
v i s i o n  w i t h o u t  fundus changes were found in  7. Twelve of the s ty r e n e  
workers were examined by a n e u r o l o g i s t ;  i n c r e a s e d  knee j e r k  r e f l e x e s  were 
found i n  9, h y p e r r e f l e x i a  of  the A c h i l l e s  tendon in  5, h y p e r r e f l e x i a  of the 
upper l imbs in  3, and s e n s a t i o n  d i s o r d e r s  in  4. Four s t y r e n e  workers w i th  
s evere  symptoms were g iven EEG ex am in a t ion s ;  t h e r e  were no abnormal 
f i n d i n g s .  Three workers  w i th  severe  symptoms had EMG a b n o r m a l i t i e s .
M a ts u s h i ta  e t  a l .  [59] concluded t h a t  s t y r e n e  had a major r o l e  in  caus ing
the e f f e c t s  found in  the se  workers  [59],

A s e r i e s  of r e p o r t s  by a group of P o l i s h  i n v e s t i g a t o r s
[114 ,115 ,116 ,117 ,118 ,119 ,120]  d i s c u s s e d  r e s u l t s  of  s t u d i e s  of  workers 
exposed to s t y r e n e  d u r ing  p ro d u c t i o n  of  r e i n f o r c e d  p l a s t i c s .  One group of 
101  workers  from two f a c t o r i e s  had been exposed f o r  abo u t  a y ea r ;  t h e i r
s t y r e n e  exposures  in  1972 were ab o u t  25-75 ppm [115] .  Twenty-one workers in
a n o th e r  group had been exposed to s t y r e n e  f o r  abou t  10 y ea r s  a t
c o n c e n t r a t i o n s  t h a t  were abo u t  75 ppm. Methods of  sampling were n o t  
r e p o r t e d ;  a n a l y s i s ,  however, was by c o l o r i m e t r i c  methods.

Urine  samples were c o l l e c t e d  f o r  d e t e r m in a t i o n  of  mandelic  a c id  by the
n o n s p e c i f i c ,  c o l o r i m e t r i c  method of O h t s u j i  and Ikeda [121] f o r  the same 
p e r io d  d u r in g  which the a i r  samples were c o l l e c t e d .  Mandelic a c id  
c o n c e n t r a t i o n s  of up to 150 mg/1 were c o n s id e r ed  normal,  and c o n c e n t r a t i o n s  
g r e a t e r  than  400 mg/1 were c on s ide red  a s  d e f i n i t e  i n d i c a t i o n s  of exposure  to 
s t y r e n e .  U r ina ry  mandelic  a c id  c o n c e n t r a t i o n s  of  the 101 workers  who had
been exposed f o r  abo u t  1 y ea r  ( s h o r t - t e r m  workers)  averaged  287 mg/1, w i th
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c o n c e n t r a t i o n s  of  abo u t  150 mg/1 be ing  found i n  50 w orke rs ,  150-300 mg/1 i n  
8 workers ,  and 300-494 mg/1 in  the remaining  43 workers [114] ,  The average  
c o n c e n t r a t i o n  of mandel ic a c id  in  the  u r i n e  of  the  21 workers  who had been 
exposed abou t  10 y e a r s  ( l o n g - t e rm  workers)  was 504 mg/1 ( r an g e ,  325-625 
mg/l)  [114 ,116 ] .  H ippur ic  a c id  c o n c e n t r a t i o n s  in  the u r i n e  d id  n o t  exceed 
the normal range  [116] .

I n  the 101 s h o r t - t e r m  w orke rs ,  f o u r  c ases  of upper r e s p i r a t o r y  c a t a r r h  
were noted  by Chmielewski and Renke [114] .  I n  26 workers  t h e r e  were s ign s  
t h a t  the i n v e s t i g a t o r s  c l a s s i f i e d  a s  v e g e t a t i v e  nervous system d i s t u r b a n c e s ,  
which inc luded  sk in  m a r b l e i z a t i o n ,  asymmetric body warming,  p ro longed  blood 
v e s s e l  f i l l i n g  t ime,  d i a p h o r e s i s ,  e x c i t a b i l i t y ,  h y p o e s th e s i a ,  wíl i tening of 
f i n g e r s ,  t r em bl ing  of hands,  weakened r e a c t i o n s ,  c a t ' s  eye p u p i l s ,  and 
nystagmus [115] ,

C l i n i c a l  s t u d i e s  of these  workers  were performed t h a t  inc luded  blood 
c e l l  and p l a t e l e t  coun ts  [117] ;  exam inat ion  of  serum p r o t e i n s ,  l i p i d s ,  
enzymes, b i l i r u b i n ,  and c h o l e s t e r o l  [119] ;  g lucose  t o l e r a n c e  [116 ,120] ;  and 
24-hour e x c r e t i o n  of  1 7 - k e t o s t e r o i d s  [1 15 ,116 ,120 ] .  Pulmonary f u n c t i o n  
[114] ,  blood c l o t t i n g  [117] ,  and EEGs [118] were a l s o  s t u d i e d  in  the 
long-term workers ,  and EEGs were s t u d i e d  in 43 o f  the s h o r t - t e r m  workers 
[118] .

I n  the s h o r t - t e r m  workers ,  the s i g n i f i c a n t  c l i n i c a l  f i n d i n g  was t h a t  
abnormal EEGs were no ted  in  31 of 43 examinat ions  [118] ,  The abnormal EEGs 
showed d i s c h a r g e s  of sharp  waves and h ig h - v o l t a g e  slow waves in  the temporal  
r e g io n s  t h a t  i n t e n s i f i e d  w i th  h y p e r v e n t i l a t i o n .  Almost  a l l  s h o r t - t e r m  
workers  complained of " n e u r o t i c  t r o u b l e s . "  S igns such as i n t e n s i f i e d  or  
aba ted  deep r e f l e x e s ,  v e s t i g i a l  nystagmus,  and tremors  were i n t e r p r e t e d  by 
Dolmiersk i  e t  a l .  [118] as be ing  minor symptoms i n d i c a t i n g  t h a t  the nervous 
system was a f f e c t e d .

Average blood g lucose  in  53 s h o r t - t e r m  workers  in  one of the f a c t o r i e s  
s tu d ie d  was lower than i n  a c o n t r o l  group of 20 i n d i v i d u a l s  [115 ,120] ,
Subsequen t ly ,  b lood g lucose  c o n c e n t r a t i o n s  were s t u d i e d  i n  40 workers  in  the 
o th e r  f a c t o r y  and in  18 c o n t r o l s  u s in g  50 g of  g lucose  taken  o r a l l y ,
fo l lowed by a n o th e r  50 g of g lucose  taken o r a l l y  90 minutes l a t e r
[115 ,120] .  The r e s u l t s  showed a he ig h tened  g lucose  t o l e r a n c e  i n  per sons  
exposed to s t y r e n e .  There was an i n d i c a t i o n  t h a t  a tendency toward 
i n c re a s e d  g lucose  t o l e r a n c e  was g r e a t e r  among 20 of the workers w i t h  
c o n c e n t r a t i o n s  of  u r i n a r y  mandelic  a c id  g r e a t e r  than 400 mg/l  and among 27 
workers w i th  a reduced 24-hour  e x c r e t i o n  of  1 7 - k e t o s t e r o i d s  ( i . e . ,  5.78
mg/24 h on the  a v e ra g e ) .

In  a n o th e r  i n v e s t i g a t i o n  of these  same w orke rs ,  Chmielewski [116] 
o b ta in ed  somewhat d i f f e r e n t  g lucose  t o l e r a n c e  t e s t  r e s u l t s  from 21 long- te rm 
workers  as compared to 40 s h o r t - t e r m  w orkers .  The maximum c o n c e n t r a t i o n  of 
blood g lucose  in  the long- te rm  workers  o ccu r red  h a l f  an hour l a t e r  on the 
average  a f t e r  a d m in i s t e r in g  g lucose  and d id  n o t  r i s e  a f t e r  the second dose.  
The average  re sponse  was due to  t h r e e  c l a s s e s  of  blood g lucose  cu rves :
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hypoglycemic,  normal,  and hyperg lycem ic .  However, only  the  hypoglycemic 
workers  responded to the  second dose of  g lucose  o r  to c o r t i s o n e  adm in i s t e red  
b e f o r e  the t e s t .  A l l  workers  had g lucose  a s s i m i l a t i o n  c o e f f i c i e n t s  below 
c o n t r o l  v a lu e s  [116] .

O the r  a b e r r a n t  c l i n i c a l  f i n d i n g s  i n  the long - te rm  workers  inc luded  
reduced FEV^/FVC in  4 of  21 workers  examined [114] ,  a s  w e l l  a s  reduced 
amounts of  serum a lp h a -  and b e t a - l i p o p r o t e i n s  [119] .  Twelve of the 
long- te rm  workers  had normal EEG p a t t e r n s ,  two had b o r d e r l i n e  p a t t e r n s ,  and 
f o u r  had abnormal p a t t e r n s  t h a t  were symmetrical  i n  the temporal  r e g io n s  and 
c h a r a c t e r i z e d  by low to medium v o l t a g e  t h e t a  waves [118] .  Most com pla in ts  
by workers  w i t h  abnormal EEGs were of  f a t i g u e ,  a s e n s a t i o n  of  weakness,  and 
d row s iness .  Compared w i t h  a nonexposed c o n t r o l  g roup ,  the long- te rm  group 
had a reduced number of  blood p l a t e l e t s ,  an in c r e a s e d  c o a g u l a t i o n  t ime,  a 
r e d u c t i o n  in  p ro th rombin  r a t i o ,  a s h o r t e r  e u g l o b u l i n  f i b r i n o l y s i s  t ime,  and 
an i n c r e a s e  in  blood p l a t e l e t  a dh e s ion  t h a t  was s i g n i f i c a n t l y  c o r r e l a t e d  
w i t h  b e t a - l i p o p r o t e i n  c o n c e n t r a t i o n s  [117] .  I t  was n o t  mentioned whether  
the comparison  group was age-matched to  the exposure  group,  an im por tan t  
p o i n t  i n  l i g h t  of  the comparison of  serum l i p o p r o t e i n  l e v e l s  between 
s h o r t - t e r m  and long- te rm  w orkers ;  t h u s ,  the e f f e c t  of  age on these  
compar isons  i s  n o t  c l e a r .

O ccupa t iona l  dermatoses were r e p o r t e d  i n  1975 by Golebiowska-Podgorczyk 
[122] among 70 workers  i n  a P o l i s h  f a c t o r y  where b o a t s  were b u i l t  from 
f i b r o u s  g l a s s - r e i n f o r c e d  p l a s t i c .  The workers ranged from 20-64 y e a r s  of
age and had worked a t  t h i s  f a c t o r y  f o r  1-15 y e a r s .  The group s t u d i e d  was 
composed of 15 c a r p e n t e r s ,  37 m o l d e r - a r t i s t s ,  13 i r o n  workers ,  and 5
u n s k i l l e d  l a b o r e r s .  The workers  were exposed to a v a r i e t y  of  p o l y e s t e r  
r e s i n s  d i s s o l v e d  in  s t y r e n e ,  epoxide r e s i n s  d i s s o l v e d  i n  ace tone  or  e t h e r ,  
h a rden e r s  t h a t  inc lu d ed  cyclohexanone h ype rox ide ,  d i b u t y l  p h t h a l a t e ,  methyl  
e t h y l  g ly c o l  hydrox ide ,  and t r i e t h y l e n e t e t r a m i n e ,  c o b a l t  n ap h th e n a te ,  
o rg an ic  dyes,  and v a r io u s  g lu e s .  No i n d u s t r i a l  hygiene  m on i to r ing  was 
conducted .  None of the  workers  had a h i s t o r y  o f ,  o r  a p r e d i s p o s i t i o n  to ,  
any a l l e r g i c  d i s e a s e ,  b u t  18 exp e r ien ced  some type of  dermal trauma as a
r e s u l t  of t h e i r  employment. Three of  the se  18 worked w i th  f i b r o u s  g l a s s .  
No p o s i t i v e  r e a c t i o n s  to s t y r e n e  or  p o l y e s t e r  r e s i n s  were found by p a t c h
t e s t i n g ,  a l t h o u g h  p o s i t i v e  r e a c t i o n s  were found to the epoxide r e s i n s  and 
some of the h a r d e n e r s .  Golebiowska-Podgorczyk [122] found fo u r  cases  of
e x c e s s iv e ly  d ry ,  chapped,  and c racked  hands and sugges ted  t h i s  might  have 
been caused by the d e f a t t i n g  a c t i o n  of  s t y r e n e .

In  1978, Rosen e t  a l .  [123] r e p o r t e d ,  in  what  was d e s c r ib e d  a s  a p i l o t  
s tudy ,  the r e s u l t s  of  n e u r o l o g i c a l  exam ina t ions  of 33 workers  fiom 3
d i f f e r e n t  w o r k s i t e s  in  Sweden. T h i r t e e n  of  the workers  (aged 24-66 y e a r s )  
had been employed f o r  1-21 y e a r s  in  the  p o l y e s t e r  r e s i n  b o a t  i n d u s t r y  (Group 
I ) .  Exposures to s t y r e n e  had been measured the p rev io us  y e a r  and averaged
125 ppm (range  74-175 ppm), b u t  Rosen e t  a l .  [123] s t a t e d  t h a t  dur ing
p re v io u s  y e a r s  the exposures  were s i g n i f i c a n t l y  h ig h e r .  Ten of the workers 
(aged 23-54) had been invo lved  i n  the p ro d u c t i o n  of p o l y e s t e r  r e s i n  c i s t e r n s  
f o r  2-14 y e a r s  (Group I I ) ;  t h e i r  ave rage  exposure  based  on measurements
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taken  2 y e a r s  e a r l i e r  was 47 ppm s t y r e n e .  The remaining  ten  workers  s t u d i e d  
(aged 29-65) were exposed to l e s s  than  5 ppm s ty r e n e  w hi le  p roducing  
p o ly s ty r e n e  f o r  5-15 y e a r s  (Group I I I ) .

R e s u l t s  of  the study  were compared w i t h  two " c o n t r o l "  g roups .  One group 
( c a l l e d  the "normal" group) c o n s i s t e d  of s i x  men from a h o s p i t a l  
t r a n s p o r t a t i o n  s e r v i c e  never  s i g n i f i c a n t l y  exposed to o rg an ic  s o l v e n t s ;  the 
o th e r  group ( c a l l e d  the " r e f e r e n c e "  group) c o n s i s t e d  of  17 men, many of whom 
were former p a i n t e r s ,  r e p o r t e d  to have s ig n s  of  ch ro n ic  i n t o x i c a t i o n  due to 
exposure to a mix tu re  of o rg an ic  s o l v e n t s .  A l l  exam inat ions  of  s t y r e n e  
workers  were performed a t  l e a s t  48 hours a f t e r  the l a s t  exposure ,  to avo id  
p o s s i b l e  a c u te  e f f e c t s  of s ty r e n e  on the r e s u l t s .  The r e p o r t e d  inc id e n ce s  
of  unusual  t i r e d n e s s ,  reduced s h o r t - t e r m  memory, g id d in e s s ,  headache,  
p a r e s t h e s i a  in  f i n g e r s  o r  t o e s ,  c o n j u n c t i v i t i s ,  t h r o a t  i r r i t a t i o n ,  and a 
minor d ec rea se  of  muscle s t r e t c h  r e f l e x e s  were h ig h e r  in  the s ty rene -ex p o sed  
workers than in  the "normal" group.  These r e s u l t s  were roughly  
dose-dependen t  w i t h  the r e p o r t e d  e f f e c t s  o c c u r r i n g  most  among the workers in  
the h ig h e r  exposure  group ( I ) ,  b u t  a l s o  f r e q u e n t l y  o c c u r r i n g  i n  the medium 
exposure group ( I I ) ,  and o c c a s i o n a l l y  among the p o ly s ty r e n e  w orke rs ,  who had 
the lowes t  s t y r e n e  exposures  (Group I I I ) .

Signs  of  po lyneuropa thy  or CNS l e s i o n s  were n o t  found in  the 
s ty rene -ex po sed  workers .  Motor conduc t ion  v e l o c i t i e s  of median, u l n a r ,  
f i b u l a r ,  and p o s t e r i o r  t i b i a l  n e rve s  were reco rded ,  as w e l l  as  sensory  
a c t i o n  p o t e n t i a l  of  the median and u l n a r  n e r v e s .  An EEG examina t ion  was 
made whi le  the s u b j e c t s  were awake, and inc luded  s t u d i e s  of  the e f f e c t s  of 
a r o u s a l ,  h y p e r v e n t i l a t i o n ,  and i n t e r m i t t e n t  l i g h t  [123] .  No d i f f e r e n c e s  in  
motor conduc t ion  v e l o c i t i e s  were found between the groups .  Ten of the 33 
s ty rene -ex po sed  workers  had ev idence  of a mild sensory  neu ropathy  w i t h  
p o ly ph as ic  sensory  re sponse s  of a low am p l i tude ;  a s i m i l a r  p a t t e r n  was found 
in  many of the workers  i n  the s o lv e n t -e x po se d  " r e f e r e n c e "  group.  The 10 
a f f e c t e d  s t y r e n e  workers were more h e a v i l y  exposed than those n o t  having  
s ign s  of n eu ro p a th y ,  b u t  they were a l s o  o ld e r  and had more y e a r s  of 
exposure .  Based on c o r r e c t i o n s  f o r  age p u b l i sh e d  by o t h e r s ,  the
i n v e s t i g a t o r s  [123] b e l i e v e d  t h a t  age a lone  cou ld  n o t  have accoun ted  f o r  the 
e f f e c t s ,  b u t  s p e c u l a t e d  t h a t  the e f f e c t s  of age and s t y r e n e  exposure  may 
have been s y n e r g i s t i c .  E ig h t  of  these  ten  workers had EEG changes
c o n s i s t i n g  of f a s t  a c t i v i t y  w i t h i n  the r o s t r a l  and c e n t r a l  p a r t s  of the 
hemispheres ;  s i m i l a r  changes were common in  the so lv e n t - e x p o se d  " r e f e r e n c e "  
group,  b u t  were seen  in only one of  the o th e r  23 s ty r e n e -e x p o se d  workers .  
Unexpected ly ,  the h i g h e s t  f requency  of d i f f u s e  slow a c t i v i t y  over bo th
hemispheres  was seen  in  those workers  (Group I I I )  exposed a t  the lowest  
s ty r e n e  c o n c e n t r a t i o n s .  The i n v e s t i g a t o r s  [123] sugges ted  t h a t  the  
a d d i t i o n a l  exposure  of Group I I I  to i s op en tan e  might  be r e l e v a n t ,  b u t  no 
i sopen tane  d e t e rm in a t i o n s  were made.

In  1976-1978,  a s e r i e s  of  r e p o r t s  [124 ,125 ,126 ,127 ,128]  were w r i t t e n  by 
a group of F i n n i s h  i n v e s t i g a t o r s  who examined the  r e s u l t s  of  p s y c h o lo g i c a l  
and n e u r o p h y s i o l o g i c a l  t e s t s  of  96 workers  from 24 d i f f e r e n t  f a c t o r i e s  where 
r e i n f o r c e d  p l a s t i c s  were made. The workers  were 16-54 y e a r s  o ld
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(mean age ,  29 .6)  and had been  exposed to s t y r e n e  f o r  a s  l i t t l e  as 6 months 
or  a s  long as 14 y e a r s  (mean d u r a t i o n ,  5 y e a r s ) .  S ty rene  exposures  of  these  
workers who used t h e i r  hands to sp read  p o l y e s t e r  r e s i n ,  were e v a lu a t e d  from 
u r i n a r y  mandelic  a c id  c o n c e n t r a t i o n s  determined  by the  c o l o r i m e t r i c  method 
of O h t s u j i  and Ikeda  [121] in  a b o u t  h a l f  of  the  w orke rs ,  and by the gas 
chromatographic  method of Engstrom and Rantanen [77] i n  the remainder.  
R e s u l t s  from the two methods were t rans fo rm ed  to a common s c a l e  [79 ,127] .  
Urine  specimens from each  worker were c o l l e c t e d  a t  the  end of an 8-hour 
workday,  once a week, on a d i f f e r e n t  day each  week f o r  5 weeks.  The mean of 
the  f i v e  d e t e rm in a t i o n s  of mande lic  a c id  was used a s  an index of exposure 
f o r  each  i n d i v i d u a l .  The range  of  the i n d i v i d u a l  means was 7-4 ,715 mg/1; 
the group median was 808 mg/1.

N e u ro p h y s io lo g ic a l  f i n d i n g s  of these  workers  were r e p o r t e d  by 
S eppa la inen  and Harkonen [124] ,  p s y c h o lo g i c a l  f u n c t i o n s  and d a t a  r e l a t i n g  to 
a l c o h o l  consumption were r e p o r t e d  by L inds t rom e t  a l .  [127 ,128 ] ,  and e f f e c t s  
on the  nervous  system were r e p o r t e d  by Harkonen [126] and Harkonen e t  a l .  
[125] ,  EEGs were reco rded  f o r  a l l  96 of  the  workers  a t  l e a s t  20 hours  a f t e r  
the l a s t  exposure  to s t y r e n e .  The r e c o r d in g  p e r io d  l a s t e d  30 m inutes ,  and a 
3-minute h y p e r v e n t i l a t i o n  and a p h o t i c  s t i m u l a t o r  were used as EEG p a t t e r n  
a c t i v a t o r s .  A l l  EEGs were i n t e r p r e t e d  by one i n v e s t i g a t o r  who had no 
knowledge of  the s u b j e c t s '  exposure  h i s t o r i e s .  The f i n d i n g s  were normal in  
73 of the workers .  Abnormal EEG p a t t e r n s  were found in  23 workers w i th  14 
having  l o c a l  slow a c t i v i t y ,  8 w i th  d i f f u s e  t h e t a  a c t i v i t y ,  and 2 w i th  
b i l a t e r a l  sp ik e  and wave d i s c h a r g e s  (1 worker had 2 a b n o r m a l i t i e s ) .  Based on 
the  a v a i l a b l e  l i t e r a t u r e  on EEGs, ab o u t  10% abnormal p a t t e r n s  were expec ted  
by the i n v e s t i g a t o r s  [124] f o r  a normal p o p u la t io n .  The inc iden ce  of 
abnormal EEGs found (24%) was s i g n i f i c a n t l y  g r e a t e r  (p<0.01) than expec ted .  
Of the 23 workers  who had abnormal EEGs, 19 had u r i n a r y  mandel ic a c id  
c o n c e n t r a t i o n s  g r e a t e r  than 700 mg/1. In  a subsequen t  a n a l y s i s  of  the d a t a ,  
Harkonen e t  a l .  [125] p re s e n t e d  ev idence  t h a t  t h i s  c o n c e n t r a t i o n  of  mandelic 
a c id  cor responded  on the average  to  an 8 -hour  TWA s t y r e n e  exposure  of 31 ppm.

/ T V

P o s s i b l e  p e r i p h e r a l  nerve  d y s f u n c t i o n  in  40 of the workers  (average  age 
29.6 y e a r s )  in  the study group w i t h  the  most  severe  com pla in t s  was a l s o  
i n v e s t i g a t e d  by S eppa la inen  and Harkonen [124] u s in g  n erve  conduc t ion  
v e l o c i t y  measurements.  T h i r t y  h e a l t h y ,  age-matched men w i th  no h i s t o r y  of 
o c c u p a t io n a l  exposure  to  t o x ic  chem ica ls  were used  f o r  comparison.  An 
e lec t romyograph  was used to measure maximal motor c onduc t ion  v e l o c i t y  of  the 
median, u l n a r ,  deep p e r o n e a l ,  and p o s t e r i o r  t i b i a l  n e r v e s ;  conduc t ion  
v e l o c i t y  of  s lower motor f i b e r s  of  the u l n a r  and deep p e r o n e a l  n e r v e s ;  and 
the  sensory  c onduc t io n  v e l o c i t y  of  the  median and u l n a r  n e r v e s .  There were 
no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  between the s ty r e n e -e x p o se d  workers 
and the compar ison  group in  average  nerve  conduc t ion  v e l o c i t i e s .  However, 
s l i g h t l y  abnormal conduc t ion  v e l o c i t i e s  were found i n  9 of  the 40 workers ;  
the  c r i t e r i a  used  f o r  judgment were n o t  s t a t e d .  F ive  of  the se  workers  
d i s p l a y e d  mononeuropathy,  and the  o th e r  f o u r  e x h i b i t e d  polyneuropa thy .  In  
fo u r  of  the  workers  w i th  mononeuropathy th e r e  were p o s s i b l e  causes  o th e r  
than s t y r e n e  exposure ;  in  the f i f t h  worker,  no o t h e r  cause  f o r  the
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neuropathy  cou ld  be found. In  t h r e e  of  the workers  w i th  po lyneu ropa thy ,  no 
cause  o t h e r  than s t y r e n e  exposure  cou ld  be found.  There was no a s s o c i a t i o n  
between u r i n a r y  mandelic a c id  c o n c e n t r a t i o n  and nerve  conduc t ion  v e l o c i t y  in  
the  fo u r  s u b j e c t s  w i th  unexp la ined  a b n o r m a l i t i e s .

To s tudy  p s y c h o lo g i c a l  f u n c t i o n s  in  these  w ork e rs ,  L indst rom e t  a l .
[127] s e l e c t e d  a comparison group of 43 men who worked w i t h  r e i n f o r c e d
c o n c r e t e .  The comparison group was s i m i l a r  to the s ty r e n e -e x p o se d  group in
age d i s t r i b u t i o n ,  e d u c a t i o n a l  l e v e l ,  and geograph ic  l o c a t i o n .  P syc h o lo g ic a l  
f u n c t i o n s  which were measured by 30 t e s t s  inc lud ed  g e n e ra l  i n t e l l i g e n c e  (5 
t e s t s ) ,  v isuomoto r  speed (8 t e s t s ) ,  v isuomoto r  accuracy  (3 t e s t s ) ,  memory (5 
t e s t s ) ,  v i g i l a n c e  (2 t e s t s ) ,  psychomotor performance  (3 t e s t s ) ,  and 
p e r s o n a l i t y  (4 t e s t s ) .  Comparisons were made between ave rages  of RP/C 
workers  and the comparison group s c o r e s .  When comparing these  two groups ,  
per fo rmances  on two t e s t s ,  one a measure of  v isuomoto r  accu racy  and the 
o th e r  a measure of  response  time in  Rorschach  i n k b l o t  t e s t s ,  were 
s i g n i f i c a n t l y  impaired  (p<0 .05) in  the RP/C w orkers .  When the 19 
s ty r e n e -e x p o se d  workers  w i th  u r i n a r y  mande lic  a c id  c o n c e n t r a t i o n s  g r e a t e r  
than 1,762 mg/1 were compared w i th  the 36 workers  who had u r i n a r y  mandelic 
a c id  c o n c e n t r a t i o n s  l e s s  than 674 mg/1,  g r e a t e r  v isuomotor inaccuracy  and 
poo re r  psychomotor per formance were found in  the workers  w i th  the h ig h e r
mandelic  a c i d  c o n c e n t r a t i o n s .  S te p -w ise  m u l t i p l e  r e g r e s s i o n  a n a ly s e s  were 
used  to s tudy  r e l a t i o n s h i p s  of v a r i a b l e s  to u r i n a r y  mandelic  a c id
c o n c e n t r a t i o n s ,  d u r a t i o n  of  e xp o su re s ,  and the combinat ion  of  mandel ic a c id  
c o n c e n t r a t i o n  and d u r a t i o n  of  exposure .  D ura t ion  of  exposure  had only a 
s l i g h t  r e l a t i o n s h i p  to d i s t u r b a n c e s  in  p s y c h o lo g i c a l  f u n c t i o n s .  One measure 
of v isuomoto r  speed and one measure of  v i s u a l  memory c o r r e l a t e d  w i th  the 
d u r a t i o n  of exposure ;  t h e i r  j o i n t  p a r t i a l  c o r r e l a t i o n  w i th  d u r a t i o n  of 
exposure ,  when the e f f e c t  of age was e l i m i n a t e d ,  was 0 .28  (p<0 .05 ) .  High 
u r i n a r y  mandelic  a c id  c o n c e n t r a t i o n  was r e l a t e d  to v isuomotor inaccuracy  
(p<0 .01 ) ,  and i t  had a s l i g h t  r e l a t i o n s h i p  to v i g i l a n c e  and psychomotor 
performance  (p<0 .13 ) .  The p ro d u c t  of d u r a t i o n  of exposure  and u r i n a r y  
mandelic  a c id  c o n c e n t r a t i o n  was r e l a t e d  to v isuomoto r  inaccuracy  and one 
Rorschach  v a r i a b l e ,  long l a tency  time i n  answering .

For  the study of s u b j e c t i v e  symptoms e x p e r ien ced  by these  workers ,  
Harkonen [126] s e l e c t e d  a comparison group of male p o s t a l  workers  and 
e l e c t r i c i a n s  (mean age ,  29.3 y e a r s )  w i th  no r e p o r t e d  p re v io us  exposure  to 
s t y r e n e .  Both the workers and the comparison group were re q ue s t e d  to 
complete q u e s t i o n n a i r e s  d e a l in g  w i th  s u b j e c t i v e  symptoms f e l t  du r ing  the 
workday.  I n  c o n t r a s t  to the comparison group,  the s ty r e n e -e x p o se d  workers  
f e l t  t i r e d  more o f t e n  in  the morning and e x c e s s i v e l y  t i r e d  a f t e r  work, and 
they a l s o  r e p o r t e d  more d i f f i c u l t i e s  i n  c o n c e n t r a t i n g  and more f r e q u e n t  l o s s  
of a p p e t i t e .  During the workday,  the RP/C workers f r e q u e n t l y  exper ienced  
i r r i t a t i o n  of the eyes ,  nose ,  and s k in ,  and many f e l t  n ausea ted  and 
i n t o x i c a t e d .  No c o r r e l a t i o n  was found between u r i n a r y  mandelic  a c id  
c o n c e n t r a t i o n s  and the magnitudes of  the symptoms sco red  on a s c a l e  of 1-3.  
Harkonen [126] sugges ted  t h a t  no c o r r e l a t i o n  was found because  a cu te  
symptoms may be a s s o c i a t e d  w i th  peak exposu re s ,  whereas mandelic  a c id  
c o n c e n t r a t i o n s  r e f l e c t  the average  exposure  of the day.
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In  1978, Harkonen e t  a l .  [125] summarized these  s t u d i e s  [124,126 ,127] 
and extended some of the a n a l y s e s .  By p l o t t i n g  the log of  the u r i n a r y  
mandelic a c id  c o n c e n t r a t i o n  a g a i n s t  the log of  the 8 -hour  TWA s t y r e n e  
c o n c e n t r a t i o n ,  a s i g n i f i c a n t  c o r r e l a t i o n  ( r= 0 .9 2 ,  p<0.001) was found. A
u r i n a r y  mandelic  a c i d  c o n c e n t r a t i o n  of 700 mg/1 cor responded  to 31 ppm of 
s t y r e n e ,  800 mg/1 to 36 ppm, 1,200 mg/1 to 55 ppm, and 1,600 mg/1 to 74 
ppm. U r ina ry  mande lic  a c id  c o n c e n t r a t i o n s  were r e l a t e d  to the pe rce n ta g e  of 
EEG a b n o r m a l i t i e s  in  the group.  Repeated  slow wave a c t i v i t y  and b i l a t e r a l  
sp ike  and wave d i s c h a r g e s  were used to i n d i c a t e  EEG a b n o r m a l i t i e s .  I n  38 
workers  whose u r i n a r y  mandelic  a c id  c o n c e n t r a t i o n  was l e s s  than  700 mg/1, 
the pe rce n ta g e  w i t h  abnormal EEGs was comparable w i t h  the g e n e r a l  p o p u la t io n  
(abou t  10%). Of 58 workers w i th  mandelic  a c id  c o n c e n t r a t i o n s  g r e a t e r  than 
700 mg/1, abou t  a t h i r d  e x h i b i t e d  EEG a b n o r m a l i t i e s .  There was a
s i g n i f i c a n t  degree  of v isuomotor inaccu racy  w i t h  the symmetry of drawing 
t e s t  in  workers  whose mean u r i n a r y  mandelic  a c i d  c o n c e n t r a t i o n  was 800 
mg/1. However, u s ing  the Bourdon-Wiersman t e s t ,  v isuomoto r  inaccuracy  was 
s t a t i s t i c a l l y  s i g n i f i c a n t  (p<0.05) only  when the mean mandel ic a c id  
c o n c e n t r a t i o n  was g r e a t e r  than 2,000 mg/1. A s t a t i s t i c a l l y  s i g n i f i c a n t
d e c l in e  i n  psychomotor performance (Mira T e s t )  was found a t  mandelic  a c id  
c o n c e n t r a t i o n s  g r e a t e r  than  1,200 mg/1 ( e q u i v a l e n t  to abo u t  55 ppm 
s t y r e n e ) .  Harkonen e t  a l .  [125] concluded  t h a t  a l t h o u g h  v isuomotor accuracy  
and unimpaired  psychomotor per formance  may be im p or tan t  in  c e r t a i n  demanding 
o p e ra t io n s  and a p r e r e q u i s i t e  f o r  s a f e t y  a t  work, impairment may n o t  
n e c e s s a r i l y  a f f e c t  a w o r k e r ' s  per fo rmance  under normal c o n d i t i o n s ,  b u t  may 
have an i n d i r e c t  impact  by demanding more a d a p t a t i o n  and more energy f o r  
compensat ion.

Lindst rom e t  a l .  [128] i n t e rv ie w ed  these  same s ty rene -ex po sed  workers  
abou t  t h e i r  a l c o h o l  consumption.  A q u a n t i t y  of  a l c o h o l  s u f f i c i e n t  to
produce a s l i g h t l y  i n t o x i c a t e d  s t a t e  was consumed d a i l y  by 1 worker,  twice 
weekly by 22, once or  twice a month by 56, and l e s s  f r e q u e n t l y  by the o th e r  
19 w orkers .  Frequency of a l c o h o l  consumption f o r  the group was abou t  the 
same bo th  b e fo r e  and a f t e r  s t y r e n e  exposure  began.  Decreased t o l e r a n c e  to 
a l c o h o l  was r e p o r t e d  by 32% of the w orke rs ,  abo u t  the same as in  a
comparison group of p a i n t e r s  exposed to o th e r  s o l v e n t s ,  b u t  g r e a t e r  than  in  
a group of r a i l r o a d  workers having no r e p o r t e d  s o l v e n t  or  s t y r e n e  exposure .

The amount o f ,  and changes i n ,  a l c o h o l  consumption and dec reased
to l e r a n c e  to a l c o h o l  were n o t  s t a t i s t i c a l l y  r e l a t e d  to the  d u r a t i o n  of 
exposure  to s t y r e n e  o r  to  the c o n c e n t r a t i o n  of  u r i n a r y  mandelic  a c id  [128] .  
Overt ime work, a n o th e r  index of s t y r e n e  exposure ,  was r e l a t e d  to a l c o h o l  
consumption.  The workers w i th  h ig h  a l c o h o l  consumption were c h a r a c t e r i z e d  
as hav ing s t r a y i n g  though ts  and d i f f i c u l t i e s  in  s t a y i n g  a s l e e p .  Hand 
tremors and t i r e d n e s s  were r e l a t e d  (p<0.05)  to bo th  the amount and f requency  
of a l c o h o l  consumption.  Of a l l  p s y c h o lo g i c a l  f u n c t i o n s ,  only lowered 
v isuomotor speed was r e l a t e d  to the amount of  a l c o h o l  consumed [128] ,  
Visuomotor inaccu racy  was n o t  the f u n c t i o n  t h a t  was p r e v io u s ly  r e l a t e d  to 
h igh  s t y r e n e  exposure  by L indst rom e t  a l .  [127] ;  t h u s ,  L indst rom e t  a l .
[128] concluded  t h a t  the p sycho log ic  symptoms and s ign s  r e l a t e d  to a l c o h o l  
b e h a v io r a l  v a r i a b l e s  were n o t  r e l a t e d  to s t y r e n e  exposure .
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I n  1977, M ere to ja  e t  a l .  [129] r e p o r t e d  an I n c r e a s e  i n  the r a t e  of  
chromosomal a b e r r a t i o n s  of  the lymphocytes i n  p e r i p h e r a l  b lood.  The ten  men 
s t u d i e d  were 20-41 y e a r s  o ld  and from a F i n n i s h  f a c t o r y  where p o l y e s t e r  
p l a s t i c  l am in a te s  were made. These workers had been exposed to s t y r e n e  f o r  
0 . 6 - 8 . 5  y e a r s .  Before  t e s t i n g  began,  a complete  h e a l t h  h i s t o r y  was taken 
from each  worker ,  fo l lowed by c l i n i c a l  and p s y c h o lo g i c a l  exam ina t ions .  No 
p re v io u s  or  p r e s e n t  ev idence  of d i a b e t e s ,  e p i l e p s y ,  or  p e r io d s  of 
unconsc iousness  l a s t i n g  more than 30 minutes  was found in  any worker.  F ive  
h ea l th y  men w i th  no known exposure  to s t y r e n e  or  to any a g e n t  w i th  known 
c l a s t o g e n i c  a c t i v i t y  were used as a compar ison  group.

No i n d u s t r i a l  hygiene  sampling was conduc ted ,  b u t  u r i n a r y  mandel ic a c id  
c o n c e n t r a t i o n s  were determined  from specimens o b ta in e d  a t  the end of an 
8 -hour s h i f t  to e v a l u a t e  s t y r e n e  exposure .  A re c o r d  was made of p a s t  
exposures  to any known c l a s t o g e n ,  and a CBC was a l s o  per formed [129] .  The 
chromosomes of lymphocytes from p e r i p h e r a l  blood of the s ty rene -ex po sed  
workers and the  comparison group were s t u d i e d .  At the time of s tudy a l l  the 
workers  were r e p o r t e d  to be in  good h e a l t h .  R e s u l t s  a r e  p r e s e n t e d  in  Table  
IV-13.
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TABLE IV-13

ANEUPLOIDY AND CHROMOSOMAL ABERRATIONS 
IN THE LYMPHOCYTES OF STYRENE-EXPOSED WORKERS

S u b je c t  
No. Age 

Y r s .
Years  of 
S ty rene  
Exposure

Mandelic
Acid*

In t e r p h a s e  C e l l s
Micro-  Nuc lea r
n u c l e i  B r idges  ** **

Aneu-
p lo id y***

P o ly ­
p lo id y***

Chromosomal
A b e r r a t io n s***

1 24 0.7 833
P l a n t  1 

8 5 2 11
2 20 0 . 6 229 7 2 4 - 11

3 21 1.5 3,257
P l a n t  2 

14 8 2 26
4 37 8 23 9 3 3 - 25
5 41 2.5 219 12 0 5 - 13
6 27 2 1,452 6 3 7 - 15
7 21 1 422 6 4 6 1 16

8 32 8 .5 75
P l a n t  3 

7 0 3 1 17
9 23 3 645 12  6 5 2 17

10 26 4 55 7 11 4 - 15

11 32 0 0

Comparison Group 
2 0 1 2

12 35 0 0 0  0 3 - 4
13 33 0 0 0 2 3 - 1
14 30 0 0 2 2 1 2 1
15 30 0 0 0 0 2 1

*mg/g c r e a t i n i n e  in  u r i n e  
* * A b e r r a t i o n s / 1,000 i n t e r p h a s e  c e l l s  

***No./100 metaphase c e l l s  
Taken from M ere to ja  e t  a l .  [129]

There was a s t a t i s t i c a l l y  g r e a t e r  inc iden ce  (p<0.001) of c e l l s  w i th  
chromosomal a b e r r a t i o n s  in  lymphocytes of workers  who had been exposed to 
s t y r e n e  than i n  the comparison group (16 .7  v s .  1.8 c e l l s ,  on the a v e r a g e ) ,  
b u t  the b i o l o g i c a l  s i g n i f i c a n c e  of t h i s  d i f f e r e n c e  i s  n o t  known. An
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i n c r e a s e  i n  the frequency  of m ic ro n u c le i  and n u c l e a r  b r i d g e s  between c e l l s  
was a l s o  observed .  The inc ide n ce  of  a b e r r a n t  c e l l s  ranged from 11-26% in  
the lymphocytes of the s ty re ne -e x po se d  workers  and was only  1-4% in  the 
lymphocytes of  the unexposed compar ison group [129] ,

In  a r e l a t e d  s tudy  in  1978, Mere t o j a  e t  a l .  [130] examined the 
lymphocytes from the p e r i p h e r a l  b lood  of 16 workers  (which inc luded  8 
workers from the p re v io u s  study  [131])  exposed to s t y r e n e  i n  two r e i n f o r c e d  
p l a s t i c s  f a c t o r i e s .  No d a ta  was g iven  r e g a r d in g  o c c u p a t io n a l  exposures .  
The s u b j e c t s ,  a l l  men 21-51 y e a r s  of age ,  had been employed mainly in  
l am in a t in g  work f o r  1-15 y e a r s .  A s t a t i s t i c a l l y  s i g n i f i c a n t  i n c r e a s e  
(p<0.001) in  the  inc iden ce  of chromosomal a b e r r a t i o n s ,  mainly  b re a k s ,  was 
found when compared to the comparison group (15 .1  v s .  2.0%),  and t h i s  was 
confi rmed when 10 of these  16 workers  were reexamined a y e a r  l a t e r  and the 
inc idence  was 16.2%. The comparison group c o n s i s t e d  of s i x  men from o u t s i d e  
the f a c t o r y  env ironment .  However, the f requency  of s i s t e r  chromat id  
exchanges (SCE) was n o t  s i g n i f i c a n t l y  in c r e a s e d  in  the se  s ty r e n e  workers  
( 5 .3  v s .  4 .4  S CE/ce l l  in  the comparison g roup ) .  SCE r e f l e c t  intrachromosome 
rea r rangem en ts  of  the DNA h e l i c e s ,  and a s  such a r e  a s e n s i t i v e  i n d i c a t o r  of 
damage to the DNA.

In  1979, H ogs ted t  e t  a l .  [131] a l s o  found an in c re a s e d  f requency  of 
chromosomal a b e r r a t i o n s  among r e i n f o r c e d  p l a s t i c s  workers  i n  Sweden. S ix  
male workers from a p l a n t  m anufac tu r ing  p o l y e s t e r  r e s i n  b o a t s ,  aged 21-56 
y e a r s  w i th  a mean age of  33, were matched by age and sex  w i th  6 workers  from 
a nearby paper  f a c t o r y  w i th o u t  exposure  to chem ica ls .  In  the p l a s t i c s  
w orkers ,  t h e re  was an average  of  10.8 a b e r r a t i o n s  p e r  100 c e l l s  in  
chromosomes from venous lymphocytes,  a s t a t i s t i c a l l y  s i g n i f i c a n t  i n c r e a s e  
(p<0.001) over t h a t  i n  the r e f e r e n c e  group ,  5 .2 /100  c e l l s .  There was a l s o  
an excess  in  gaps (3 .2  v s .  2 .4 /100  c e l l s ,  n o t  s i g n i f i c a n t ) ,  i soch rom at id  and 
chromat id  b reaks  ( 6 .9  v s .  2 .5 /100  c e l l s ,  p= 0 .008) ,  and h y p e rd ip lo id y  (0 .7  
v s .  0 .3 /100  c e l l s ,  n o t  s i g n i f i c a n t ) .  Airborne  TWA s ty r e n e  c o n c e n t r a t i o n s  
measured in  p rev io us  y ea r s  ranged  from 14-73 ppm, w i t h  o c c a s io n a l  
c o n c e n t r a t i o n s  as h igh  as 188 ppm, f o r  s h o r t  p e r io d s  of  t ime. The 
i n v e s t i g a t o r s  [131] s p e c u l a t e d  t h a t ,  a l t h o u g h  s t y r e n e  was the  p robab le  cause  
of  the changes,  exposure  to o t h e r  chemica ls  might  have c o n t r i b u t e d ;  
i n fo rm a t io n  was n o t  g iven  on these  " o t h e r "  chem ica ls .

In  1980, Andersson e t  a l .  [132] s t u d i e d  39 men o c c u p a t i o n a l l y  exposed to 
s ty r e n e  i n  a p l a s t i c  b o a t  f a c t o r y .  The t o t a l  exposures  of  the se  workers  
over a 6 -y ea r  p e r io d  were measured w i t h  p e r s o n a l  TWA samples ana lyzed  by gas 
chromatography and exp re ssed  as a c o n c e n t r a t i o n  m u l t i p l i e d  by the number of 
y ea r s  of employment. A low-dose group (average  32 ppm-yr) and a h igh -dose  
group (average  283 ppm-yr) were i d e n t i f i e d .  TWA s t y r e n e  exposures  f o r  the 
v a r io u s  s p ra y in g ,  r o l l i n g ,  and c a s t i n g  o p e r a t i o n s  ranged from 39-71 ppm (on 
the a v e r a g e ) ,  w i t h  exposures  d u r ing  assembly be ing  a b o u t  8 ppm. TWA s ty r e n e  
exposure d u r ing  sp ray ing  were sometimes a s  h igh  as 158 ppm. Blood samples 
were taken from 36 of the s ty r e n e -e x p o se d  workers  and from 37 age-matched 
workers  ( i . e . ,  c o n t r o l s )  in  the same f a c t o r y  who were n o t  exposed to 
s t y r e n e .  Lymphocytes i n  p e r i p h e r a l  blood were c u l t u r e d  and examined f o r
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chromosome a b e r r a t i o n s  and SCE. The s ty r e n e -e x p o se d  workers  had a 
s i g n i f i c a n t l y  h ig h e r  (p<0.001) number of chromosomal a b e r r a t i o n s  compared 
w i th  the c o n t r o l s  (7 .9  v s .  3 .2  a b e r r a t i o n s / 100 c e l l s ) .  There was no 
s i g n i f i c a n t  d i f f e r e n c e  between the average  numbers of  chromosomal 
a b e r r a t i o n s  of  the h ig h ly  exposed and the l e s s  exposed s t y r e n e  workers .  
There was a s i g n i f i c a n t  i n c r e a s e  (p<0.05)  i n  the average  f requency  of SCE in  
c e l l s  o r i g i n a t i n g  from 20 s ty rene -ex po sed  workers  i n  compar ison  w i th  21 
c o n t r o l s  (8 .4  v s .  7 .5  S C E /c e l l ) .  Again th e r e  was no d i f f e r e n c e  between the 
h igh ly  and l e s s  exposed groups .  I n t e r v i e w s  were performed when the blood 
samples were taken .  M u l t ip l e  r e g r e s s i o n  a n a l y s i s  showed t h a t  among 9 
f a c t o r s  i n t ro d u c e d  i n t o  the a n a l y s i s  ( f requency  of chromosomal a b e r r a t i o n s ,  
age ,  d u r a t i o n  of  employment, exposure  to s t y r e n e ,  smoking h a b i t s ,  a l c o h o l  
consumption,  exposure  to d i a g n o s t i c  X-rays ,  o th e r  s o l v e n t s ,  use  of b r e a t h i n g  
mask),  only exposure  to s t y r e n e  showed a h ig h  p o s i t i v e  c o r r e l a t i o n  to the 
frequency  of chromosomal a b e r r a t i o n s  [132].

In  1978, F l e i g  and T h ie ss  [76] and T h ie s s  and F r iedhe im [75] s tu d ie d  14 
workers employed f o r  2-24 y e a r s  in  t h ree  p l a n t s  p r o c e s s i n g  u n s a t u r a t e d  
p o l y e s t e r  r e s i n s .  At the time of the s tud y ,  s t y r e n e  c o n c e n t r a t i o n s  as 
measured by c o l o r i m e t r i c  i n d i c a t o r  tubes ranged from l e s s  than  50 to 300 ppm 
[75] .  Mandelic a c i d  c o n c e n t r a t i o n s  in  u r i n e  samples from the workers  ranged 
from 100 to 1,500 mg/1 [76] .  F ive  of  the  14 workers had in c r e a s e d  GGTP (>28 
u n i t s / m l )  [75 ] .  The i n v e s t i g a t o r s  [76] found a s i g n i f i c a n t  excess  ( l e v e l  of 
s i g n i f i c a n c e  was n o t  g iven) of  chromosomal a b e r r a t i o n s  i n  the  lymphocytes of 
p e r i p h e r a l  blood from the s t y r e n e  workers  as compared to a c o n t r o l  group of 
20 workers from the same p l a n t  n o t  exposed to s t y r e n e  ( 9 . 2  v s .  5.5%). F l e i g  
and Theiss  [76] sugges ted  t h a t  the chromosomal changes in  these  workers  were 
p robably  due to s t y r e n e  oxide  o r  o th e r  exposures  such as methylene  c h l o r i d e ,  
r a t h e r  than  to s t y r e n e .  Mention was made of a f i n d i n g  t h a t  s ty r e n e  oxide 
was g en e ra ted  due to the use of  p e r o x id e s ,  b u t  da ta  was n o t  g iven  on s ty r e n e  
oxide exposu res .

However, t h e re  have been s t u d i e s  showing no s i g n i f i c a n t  i n c r e a s e s  in  
chromosome a b e r r a t i o n s  among s ty r e n e -e x p o se d  workers .  An i n v e s t i g a t i o n  of  
24 s t y re ne -e x po se d  workers (20 men, 4 women) a s s ig n e d  to l a b o r a to r y  and 
t e c h n i c a l  s e r v i c e  o p e ra t io n s  in  a German p o l y e s t e r  p r o c e s s in g  p l a n t  was
r e p o r t e d  i n  1979 by T h e i s s  and F r iedhe im  [133] and i n  1980 by T h e i s s  e t  a l .  
[134] ,  T h e i r  age range was 23-59 y e a r s ,  and they had been working w i th  
s ty r e n e  f o r  4-27 y e a r s .  The average  s t y r e n e  exposure was 6 ppm (range 1-12 
ppm) in  the l a b o r a to r y  and 58 ppm (range  1-178 ppm) i n  the t e c h n i c a l  s e r v i c e  
o p e r a t io n .  Samples were c o l l e c t e d  w i t h  a "P e r so n a l  A i r  Sampler" and 
ana lyzed  w i th  a gas chromatograph.  The workers  were g iven  thorough c l i n i c a l  
examinat ions  t h a t  inc luded  p e r s o n a l  h i s t o r y ,  c h e s t  X -rays ,  and l a b o r a to r y  
s t u d i e s  i n c lu d in g  body ple thysmography ,  EEGs, ECGs, b lood c o u n t s ,  and blood 
chemis t ry  d e t e rm in a t i o n s  [133] ,  F ind ings  were n o t  r e l a t a b l e  to s ty r e n e
exposure ,  and the re  were no p a t t e r n s  of  d i s e a s e  found.  Except  f o r  one
worker known to imbibe a l c o h o l  e x c e s s i v e l y ,  the n e u r o l o g i c a l  s t a t u s  of  a l l  
workers was normal.  One of the women, a d i a b e t i c  t r e a t e d  w i t h  i n s u l i n ,  had 
g iven  b i r t h  to a s t i l l b o r n  c h i l d .  Another woman had a b o r t e d  i n  the second
month of pregnancy .  Chromosome a n a l y s e s  of  lymphocytes i n  p e r i p h e r a l  blood
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were c a r r i e d  o u t  f o r  a l l  24 workers  a s  w e l l  as  24 c o n t r o l s  from the same 
p l a n t .  The c o n t r o l  group was comprised of  medical  depa r tm ent  and o f f i c e  
s t a f f ,  and p l a n t  maintenance w orke rs ,  none of  whom were exposed to r a d i a t i o n  
o r  su spec ted  chemica ls  a t  the  time of t e s t i n g .  U r ina ry  mandelic a c id  
e x c r e t i o n  d id  n o t  exceed 350 mg/g of  c r e a t i n i n e  i n  any c a s e ;  19 of  22 
workers  t e s t e d  had v a lu e s  below 80 mg/g. The i n v e s t i g a t o r s  [133,134] 
con s ide red  350 mg mandel ic a c i d / g  of  c r e a t i n i n e  to  be a t o l e r a b l e  l i m i t  from 
the s t a n d p o i n t  o f  o cc u p a t io n a l  medic ine .  The mean f requency  of chromosomal 
a b e r r a t i o n s  ( i . e . ,  chromat id  and i soch rom a t id  gaps,  b r e a k s ,  fr agm en ts ,  
chromat id  i n t e r c h a n g e s ,  and d i c e n t r i c  chromosomes) was 5.1% in  the s ty r e n e  
workers  v s .  3.8% in  the  c o n t r o l s ,  a n o n - s i g n i f i c a n t  d i f f e r e n c e  a s  determined  
by T h e i s s  e t  a l .  [134] ,  However, Norppa e t  a l .  [135] ,  in  a 1981 d i s c u s s i o n  
of  t h i s  s tudy  [134] ,  co n s ide red  the  r e s u l t s  to show an i n c r e a s e d  frequency
of c e l l s  w i th  a b e r r a t i o n s ,  when gaps were inc lud ed .

In  1981, Watanabe e t  a l .  [136] examined p e r i p h e r a l  b lood  lymphocytes of  
16 workers o c c u p a t i o n a l l y  exposed to s t y r e n e  i n  two f a c i l i t i e s  ( d e s ig n a te d
as  I  and I I )  where TWA s ty r e n e  exposures  were ab o u t  70 ppm and 35 ppm,
r e s p e c t i v e l y ,  as  dete rmined  by carbon  f e l t  d os im e te r s  and gas
chromatography.  Mandelic a c id  c o n c e n t r a t i o n s  i n  the u r i n e  c o l l e c t e d  a t  the 
end of the work s h i f t  ranged from 90-4,300  mg/1 (mean 647 mg/1) a t  F a c i l i t y  
I  and 300-1 ,360 mg/1 (mean 526 mg/1) a t  F a c i l i t y  I I .  As compared to age -  
and sex-matched c o n t r o l s ,  the  s ty r e n e -e x p o s e d  workers  showed no 
s t a t i s t i c a l l y  s i g n i f i c a n t  i n c r e a s e  in  chromosomal a b e r r a t i o n s  (3.3% in
F a c i l i t y  I  and 3.6% in  F a c i l i t y  I I  v s .  2.9% in  the  c o n t r o l s )  or  SCE
f r e q u e n c ie s  (7.8% in  F a c i l i t y  I  and 6.7% in  F a c i l i t y  I I  v s .  7.6%).

In  1982, Pero  e t  a l .  [137] examined lymphocytes from Swedish workers 
exposed to s ty r e n e  f o r  geno tox ic  e f f e c t s  u s in g  unschedu led  DNA s y n t h e s i s
(UDS) a s  the  i n d i c a t o r  of DNA damage. H ep a r in ized  blood  specimens were taken
by venous punc tu re  from 38 male workers  in a f i b r o u s  g l a s s - r e i n f o r c e d
p o l y e s t e r  p l a s t i c s  f a c to r y  where 8 -hour  TWA s t y r e n e  exp o su re s ,  as  determined  
by gas chromatography,  were 1-40 ppm. The workers  (average  age ,  38 .7  y e a r s )  
had been exposed to s t y r e n e  f o r  1-23 y e a r s  (ave rage ,  8 .1  y e a r s ) .  Twenty
workers  (average  age ,  36 .2  y e a r s )  were s e l e c t e d  a s  a c o n t r o l  group from a 
mechanical  i n d u s t r y  in  the same town. Age d i s t r i b u t i o n s  and smoking h a b i t s  
were s i m i l a r  i n  bo th  the s ty r e n e -e x p o se d  and c o n t r o l  g roups .

Pero  e t  a l .  [137] examined the p o s s i b i l i t y  t h a t  lymphocytes i s o l a t e d  
from s ty r e n e -e x p o se d  workers might  have an a l t e r e d  l e v e l  of  unscheduled  DNA
s y n t h e s i s  (UDS) when the UDS was induced ^ n  v i t r o  by e i t h e r
N - a c e t o x y - 2 - a c e ty lam inof luo rene  (NA-AAF) or u l t r a v i o l e t  r a d i a t i o n  (UV). The 
mean l e v e l  of NA-AAF-induced UDS was s i g n i f i c a n t l y  in c r e a s e d  (p<0.001) f o r  
the s ty r e n e -e x p o se d  workers  when compared to the mean l e v e l  f o r  the
unexposed c o n t r o l s .  There was no s i g n i f i c a n t  e f f e c t  on UV-induced UDS from 
the in  v ivo  s t y r e n e  exposure .  These r e s u l t s ,  in  a d d i t i o n  to  lymphocyte 
c u l t u r e s  exposed ^n  v i t r o  to s t y r e n e ,  i n d i c a t e d  to the i n v e s t i g a t o r s  [137] 
t h a t  s t y r e n e  exposure  d id  n o t  a l t e r  the e f f i c i e n c y  of DNA r e p a i r  s y n t h e s i s ,  
b u t  r a t h e r  p re d i sp os ed  lymphocytes to an i n c re a s e d  r i s k  f o r  DNA damage from
subsequen t  exposures to geno tox ic  a g e n t s  t h a t  a r e  dependent  on c e l l u l a r
me tabo l i sm .
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During 1977, Brooks e t  a l .  [91] s t u d i e d  152 s ty r e n e -e x p o s e d  workers  (82 
women and 70 men) and compared them w i t h  34 female workers  w i t h  no c u r r e n t  
s t y r e n e  exposure .  The s ty r e n e -e x p o s e d  workers  made r e i n f o r c e d  p l a s t i c  
b o a t s .  Some of the workers  sp rayed  the s t y r e n e - c o n t a i n i n g  r e s i n ;  o th e r s  
performed hand lay -up  o r  o th e r  f u n c t i o n s .  Workers i n  the  comparison group 
produced e l e c t r o n i c  c i r c u i t  boards  and,  a l t h o u g h  they were exposed to many 
chem ica ls ,  t h e i r  TWA exposures  were always much lower than the  r e s p e c t i v e  
OSHA l i m i t s .  Table  IV-14 c o n t a i n s  i n f o rm a t io n  t h a t  d e s c r i b e s  the workers  
from bo th  the study  and comparison  g roups .
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TABLE IV-14

DESCRIPTION OF WORKERS FROM STUDY AND COMPARISON GROUPS

Sex
Study Group 

Female Male
Comparison Group 

A l l  Female

Number 82 70 34
Mean age ,  y ea r s 41 37 38
Age range ,  y e a r s 19-72 18-76 19-56
Smokers 38 36 17
Exsmokers 7 18 1
Nonsmokers 36* 16 16
Average t ime on
p r e s e n t  job ,  months 77 85 62
*One woman d id  n o t  respond 
Taken from Brooks e t  a l .  [91]

I n fo rm a t io n  abou t  the workers  was o b ta in e d  from medica l  h i s t o r i e s  and 
p h y s i c a l  e xam ina t ions ,  psychomotor t e s t s ,  CBCs, and pulmonary f u n c t i o n  
t e s t s .  A d d i t i o n a l  i n f o r m a t io n  inc luded  d a ta  abo u t  the env i ronm en ta l  

- c o n c e n t r a t i o n s  of s t y r e n e  and o th e r  con tam inants  from th r e e  i n d u s t r i a l  
hygiene s t u d i e s ,  and c o n c e n t r a t i o n s  of  mandelic  and p h e n y lg ly o x y l i c  a c id s  in  
u r i n e  and of s ty r e n e  i n  the b lood and b r e a t h .  Brooks e t  a l .  [91] combined 
the env i ronm enta l  da ta  from a l l  t h r e e  su rveys  to c h a r a c t e r i z e  the s ty r e n e  
exposure f o r  each  job  c a te g o ry ;  these  d a ta  a r e  p r e s e n t e d  in  Table  IV-15.
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TABLE IV-15

STYRENE CONCENTRATIONS IN THE AIR OF THE STUDY FACTORY

8 -hour  TWA
Number of  S ty rene  Exposure,  ppm

Job Category Samples Mean + SD

P r é f a b r i c a t i o n 12 2.8  + 1.4
Gel c o a t  sp ray in g 6 68.5  + 59.7
Hand lay-up 63 83.4  + 42.7
Hand l a y -u p ,  o t h e r  a r e a s 18 25.7 + 26.2
Woodwork/uphols t e ry 11 3.4  + 2.1
F i n a l  assembly 18 3.2  + 1.8
Custom molding 18 6.5  + 3.9
Small  b o a t  assembly 4 4 .1  + 1.0
M isce l l aneous 2 3.9 + 3.1

SD = s t a n d a rd  d e v i a t i o n  
Taken from Brooks e t  a l .  [91]

Data i n  Table  IV-15 were o b ta in e d  from the gas chromatograph ic  a n a l y s i s  
of 152 c h a r c o a l  tube p e r s o n a l  samples.  I n  a d d i t i o n  to t he se  TWAs, the 
i n v e s t i g a t o r s  recorded  peak s t y r e n e  c o n c e n t r a t i o n s  in  the range of  
200-800 ppm. These peaks  o ccu r red  d u r ing  sp ray ing  o p e r a t i o n s .

To d e s c r ib e  s ty r e n e  a b s o r p t i o n  and e x c r e t i o n  more com ple te ly ,  Brooks 
e t  a l .  [91] de te rmined  the c o n c e n t r a t i o n  of s t y r e n e  in  the w ork e r s '  blood 
and exp i red  a i r .  A s t a t i s t i c a l l y  s i g n i f i c a n t  r e l a t i o n s h i p  ( r = 0 .7 9 ,  p<0.001) 
between the p o s t - s h i f t  c o n c e n t r a t i o n  of s ty r e n e  in  exha led  a i r  and the 
s ty r e n e  c o n c e n t r a t i o n  of i n s p i r e d  a i r  over the w o r k s h i f t  was found. The 
da ta  i n d i c a t e d  t h a t  an 8-hour TWA exposure  a t  50 ppm s t y r e n e  would r e s u l t  in  
a p o s t - s h i f t  ex p i re d  b r e a t h  c o n c e n t r a t i o n  of abou t  5.7 y g / l i t e r .  There 
was a l s o  an e x c e l l e n t  c o r r e l a t i o n  ( r= 0 .7 4 ,  p<0.001) between the
c o n c e n t r a t i o n  of  s t y r e n e  i n  i n s p i r e d  a i r  d u r ing  a w o r k s h i f t  and t h a t  in  
venous blood a t  the end of a s h i f t .
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Brooks e t  a l .  [91] found t h a t  the s t y r e n e  c o n c e n t r a t i o n  in  the exp i red  
a i r  i n c r e a s e d  r a p i d l y  dur ing  the f i r s t  2 hours of exposure ,  remained 
r e l a t i v e l y  c o n s t a n t  d u r ing  the s h i f t ,  then  d ec reased  s lowly  over the n e x t  16 
hours .  The c o n c e n t r a t i o n  of s t y r e n e  in  b lood,  however,  ro se  con t in u ou s ly  
th roughout  the exposure  p e r i o d .  S ty rene  c o n c e n t r a t i o n s  i n  the  blood 
d e c l in e d  to p r e - s h i f t  v a lu e s  d u r ing  the 16 hours  fo l lo w in g  exposure  [91] .

Because of t h e i r  hand lay -up  work,  the 152 workers  s t u d i e d  had 
s i g n i f i c a n t  s k in  c o n t a c t  w i th  the r e s i n  mix tu re  [91] ,  Based on c o m pla in t s ,  
41% of the s t y r e n e  workers  had a r a s h  d u r ing  the  p a s t  y e a r ,  and 19% had a 
ra s h  a t  the time of the s tudy ,  b o th  s i g n i f i c a n t l y  d i f f e r e n t  (p<0.05) than  
the c o n t r o l  group.  These r a s h e s  were on the fo rearms i n  29% of the 
workers ;  on the back of the hands in  15%; on the trunk  in  14%; and on the 
upper arms in  12%. In  the comparison  group ,  only  fo u r  workers  (12%) 
re p o r t e d  a r a s h  d u r ing  the p a s t  y e a r  and one (3%) a t  the time of the s tudy .  
A d e r m a t o l o g i s t  d iagnosed the s t y r e n e  w orke rs '  r a s h e s  a s  fo l lo w s :  18
workers  w i th  f i b r o u s  g l a s s  d e r m a t i t i s ,  6 w i th  c o n t a c t  d e r m a t i t i s ,  7 w i th  
n o n s p e c i f i c  d e r m a t i t i s ,  10 w i th  acne v u l g a r i s ,  and 3 workers  w i th  o th e r
inf lam m at ions .

Medical  h i s t o r i e s  r e v e a le d  a lower inc iden ce  of c o l i t i s ,  k idney  or 
b la d d e r  i n f e c t i o n s ,  and anemia among workers  of the  study  group than i n  the 
comparison group.  There were no s i g n i f i c a n t  d i f f e r e n c e s  in  the inc idence  of  
eye ,  nose ,  and t h r o a t  i r r i t a t i o n  between the  study  and the  comparison 
g roups ,  nor  were the re  any s i g n i f i c a n t  d i f f e r e n c e s  in  the inc idence  of 
symptoms i n d i c a t i v e  of  c a r d i o v a s c u l a r  o r  n e u r o l o g i c a l  damage, n o r  were the 
r e p r o d u c t i v e  h i s t o r i e s  of the  women in  the study  and comparison group
d i f f e r e n t .

Brooks e t  a l .  [91] d id  f i n d  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  in  the 
lung f u n c t i o n  of workers in  the s tudy  and c o n t r o l  g ro ups .  Seven workers 
(4.6%) in  the study  p l a n t  had FVC l e s s  than 80%, 7 (4.6%) had FEV^/FVC X
100 below 70, 13 (8.6%) had FEV]  ̂ l e s s  than  80%, and 24 (15.9%) had fo rced
e x p i r a t o r y  flow between 25 and 75% of v i t a l  c a p a c i t y  (FEF ( 2 5 - 7 5 ) ) ,  l e s s  
than 70% of p r e d i c t e d  v a lu e s .  No workers in  the c o n t r o l  p l a n t  had abnormal 
pulmonary f u n c t i o n  as i n d i c a t e d  by FEV^/FVC, FVC, or  FEV]^; one of the 
s u b j e c t s  (2.9%) in  the c o n t r o l  group had a FEF (25-75)  below 70%. Brooks e t  
a l .  [91] concluded  t h a t  s in c e  some s u b j e c t s  w i t h  abnormal pulmonary fu n c t i o n  
were nonsmokers,  the s t a t i s t i c a l  d i f f e r e n c e  between the  s tudy  and c o n t r o l  
groups cou ld  su g g e s t  an o c c u p a t io n a l  o r i g i n  f o r  the  ab n o rm a l i ty .

P o s s ib l e  a c u t e  e f f e c t s  of  s t y r e n e  exposure  were s t u d i e d  by examining 
p r e -  and p o s t - s h i f t  psychomotor per fo rmances  of the exposed and comparison 
groups.  The r e s u l t s  of the t e s t s  f o r  cho ice  r e a c t i o n  t ime,  F lanagan 
C o o rd ina t io n ,  N e i s s e r  l e t t e r  s e a r c h ,  and d i g i t  span were s i g n i f i c a n t l y  
worse f o r  the s ty re ne -e x po se d  group as compared to the c o n t r o l  group.  
However, as  no ted  by the a u th o r s  [91 ] ,  a b i a s  may have been in t ro d uced  s inc e  
a p r e - r e q u i s i t e  of employment a t  the  c o n t r o l  p l a n t  was the  p a s s in g  of a 
d e x t e r i t y  t e s t .  Performance on each  t e s t  a d m in i s t e r e d  showed e i t h e r  no 
change or  s l i g h t - t o - m o d e r a t e  improvement p o s t - s h i f t  in  bo th  the 
s ty rene -ex po sed  group and the c o n t r o l  group when compared to t h e i r  p r e - s h i f t  
per fo rmances .  When the s ty r e n e -e x p o se d  workers  were d iv id e d  i n t o  two
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groups ,  one exposed a t  a mean TWA c o n c e n t r a t i o n  of  ab o u t  9 ppm ( r an g e ,  4-120 
ppm) and the  o t h e r  a t  abou t  82 ppm ( r an g e ,  9-244 ppm), no s i g n i f i c a n t  
d i f f e r e n c e  between the groups was found in  terms of e f f e c t s  of  s t y r e n e  on 
p r e -  o r  p o s t - w o r k s h i f t  per formance  of psychomotor t e s t s .

A d d i t i o n a l  a n a l y s i s  ( c o r r e c t i n g  f o r  w orke rs '  ages)  by Brooks e t  a l .  [91] 
of  the psychomotor d a t a ,  r e v e a l e d  a s i g n i f i c a n t  c o r r e l a t i o n  (p<0.025) 
between dec rea sed  performance  on the N e i s s e r  l e t t e r  s e a rc h  t e s t  and d u r a t i o n  
of employment f o r  the group w i th  an average  TWA s ty r e n e  exposure  of abou t  
82 ppm. For  the same group,  impaired  performance  of bo th  the D i g i t  Span 
t e s t  and the F lanagan  C oo rd ina t io n  t e s t  was a s s o c i a t e d  w i th  d u r a t i o n  of 
employment, a l t h o u g h  i t  was n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  Based on these  
r e s u l t s ,  Brooks e t  a l .  [91] concluded t h a t  exposure  to s t y r e n e  a t  an average  
c o n c e n t r a t i o n  of abo u t  82 ppm impai red  w orke r s '  per formance on the N e i s s e r  
l e t t e r  s e a r c h  t e s t  and,  p o s s i b l y ,  t e s t s  of  c o o r d i n a t i o n  and memory.

Brooks e t  a l .  [91] a l s o  de te rmined  the c o n c e n t r a t i o n s  of  mandelic  and 
p h e n y lg ly o x y l i e  a c id s  in  the u r i n e  of the s ty rene -ex po sed  w orke rs .  When the 
log of  the  sum of the mandelic  a c id  and phenylglyoxy l i e  a c id  c o n c e n t r a t i o n s  
i n  p o s t - s h i f t  u r i n e  was p l o t t e d  a g a i n s t  the log of the TWA s ty r e n e  
c o n c e n t r a t i o n  f o r  t h a t  s h i f t ,  the  c o r r e l a t i o n  c o e f f i c i e n t  r  was 0.925 
(p<0 .00001) ;  when only the c o n c e n t r a t i o n  of mandel ic a c id  was used ,  the 
c o r r e l a t i o n  c o e f f i c i e n t  was 0.93 (p < 0 .00001).  There were a l s o  e x c e l l e n t
c o r r e l a t i o n s  between the log of  the p o s t - s h i f t  u r i n a r y  mandelic  a c id  
c o n c e n t r a t i o n  and the log of  the p o s t - s h i f t  venous blood s ty r e n e  
c o n c e n t r a t i o n  ( r= 0 .8 99 ,  p<0.001) and the log  of the s t y r e n e  c o n c e n t r a t i o n  in  
p o s t - s h i f t  e x p i r e d  b r e a t h  ( r=0 .877 ,  p<0 .001) .

In  1979, K j e l l b e r g  e t  a l .  [392] s t u d i e d  7 b o a t - f a b r i c a t i o n  shop workers 
and compared them w i th  7 workers  in  a mechanical  i n d u s t r y  in  the same 
Swedish town. The b o a t  workers  were exposed to s t y r e n e  w hi le  making the 
b oa t s  and to ace tone  du r ing  the c l e a n in g  of equipment.  TWA exposures  were 
found to  be 3-14 ppm of s t y r e n e  and 8-60 ppm of a c e to n e .  Of the b e h a v io r a l  
t e s t s  a p p l i e d ,  namely,  r e a c t i o n  t ime,  Bourdon-Wiersman, and r e a c t i o n  time 
a d d i t i o n s ,  only the r e a c t i o n  time t e s t  showed a s i g n i f i c a n t  d i f f e r e n c e  
(p<0.05) between the RP/C workers  and the  comparison group .  This  r e a c t i o n  
time t e s t  invo lved  measurement of the time between the i l l u m i n a t i o n  of  a 
lamp and the p r e s s  of  a b u t t o n  by the s u b j e c t .  K j e l l b e r g  e t  a l .  [392] 
concluded t h a t  work exposure  had caused the dec reased  r e a c t i o n  t imes ,  b u t  
were unab le  to dete rmine  whether s t y r e n e ,  a c e to n e ,  or  t h e i r  combined e f f e c t  
was r e s p o n s i b l e .

In  a 1980 study  of 27 B r i t i s h  men engaged in  b o a t  b u i l d i n g ,  Cherry 
e t  a l .  [138] found e f f e c t s  a t t r i b u t a b l e  to CNS d e p r e s s io n .  The 
s ty rene -ex po sed  workers were compared to a c o n t r o l  group of workers from the 
same p l a n t ,  w i th  no s ty r e n e  e xp o su re s ,  of a lm os t  the same average  age (23 
y ea r s  in  exposed workers  v s .  26 y e a r s  in  r e f e r e n t s ) .  P e r s o n a l  TWA exposures  
averaged 117 ppm s t y r e n e  in  the morning and 52 ppm in  the a f t e r n o o n ,  f o r  an 
o v e r a l l  average  of  92 ppm. Blood s t y r e n e  averaged 6.9 u m o l / l i t e r  in  the 
exposed and 0 .6  y m o l / l i t e r  in  the c o n t r o l  workers ;  u r i n a r y  mandelic  ac id
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averaged 581 timol/mmol c r e a t i n i n e  in  the  s ty r e n e -e x p o s e d  w ork e rs ,  w i th  no 
v a lu e  be ing  g iven  f o r  c o n t r o l s .  Changes in  mood were r e p o r t e d  in  bo th  
groups ,  b u t  more so i n  those  workers  exposed to  s t y r e n e ;  changes i n  mood 
were c o r r e l a t e d  w i th  blood s t y r e n e  c o n c e n t r a t i o n s .  The r e a c t i o n  t imes of  
s ty rene -ex po sed  workers  were s lower than  the r e f e r e n t s  i n  the morning,  b u t  
t h e i r  r e a c t i o n  time in c re a s e d  d u r ing  the day so t h a t  i n  the a f t e r n o o n  they 
were s i m i l a r  to those  of  r e f e r e n t s .  The s ty r e n e -e x p o s e d  workers  a l s o  f a r e d  
worse in  o t h e r  b e h a v io r a l  t e s t s  than d id  the c o n t r o l s ,  b u t  the d i f f e r e n c e s  
were minor.  The s ty re ne -e x po se d  workers r e p o r t e d  be in g  more f a t i g u e d  than 
d id  the men in  the comparison group ,  and they a l s o  r e p o r t e d  be ing  more t i r e d  
on F r id ay  evening than on Monday evening .

In  1980, Hemminki e t  a l .  [139] ,  d e s c r ib e d  f i n d i n g  a g r e a t e r  number of 
spontaneous a b o r t i o n s  among female chemica l  workers than  would be expec ted  
from the r a t e  among a l l  F in n i s h  women, w i th  p a r t  o f  t h i s  excess  o cc u r r in g  
among s t y r e n e  w orke rs .  The i n v e s t i g a t o r s  [139] o b t a in e d  i n f o rm a t io n  on 9,000 
female workers  d u r in g  the p e r io d  1973-1976 from union  and n a t i o n a l  R e g i s t r y  
f i l e s ,  and found t h a t  52 of  the  women had r e p o r t e d  spontaneous a b o r t i o n s .  
The n a t i o n a l  R e g i s t r y  was based on g e n e ra l  h o s p i t a l  i n p a t i e n t s ,  n o t  
i n c lu d in g  a b o r t i n g  women n o t  t r e a t e d ,  women t r e a t e d  on an o u t p a t i e n t  b a s i s ,  
or  women t r e a t e d  in  p r i v a t e  h o s p i t a l s ,  which p rov ided  only  abo u t  2.2% of the 
o b s t e t r i c s - g y n e c o lo g y  beds in  F in l a n d .  A bor t ion  r a t e s  were exp re ssed  as the
r a t i o  of spontaneous a b o r t i o n s  to p re g n a n c ie s  (SA/P) and as the r a t i o  of
spontaneous a b o r t i o n s  to  b i r t h s  (SA/B).  Hemminki e t  a l .  [139] used  bo th  
r a t i o s  because  they b e l i e v e d  the former index u nd e re s t im a te d  the  r i s k ,
inasmuch as some induced a b o r t i o n s  inc luded  i n  t o t a l  p re g n a n c ie s  would have 
m i s c a r r i e d ,  and the l a t t e r  index o v e re s t im a te d  the r i s k  because  induced
a b o r t i o n s  were n o t  inc lud ed ;  t h e r e  i s  a h ig h  r a t e  of  induced a b o r t i o n s  in  
F in la n d .  The r e s u l t s  of the s tudy  a r e  shown in  Table  IV-16.
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TABLE IV-16

SPONTANEOUS ABORTIONS OF 
FINNISH CHEMICAL WORKERS IN 1973-1976

Branch of Employment Number of 
Spontaneous 

A bor t ions  (SA)
SA X 100 

P regnanc ies  
(SA/P)

SA X 100 
B i r t h s  
(SA/B)

A l l  women in  F in la n d 15,482 5.52 7.98
Union of Chemical  Workers 52 8.54** 15.57***
P l a s t i c s  In d u s t r y 21 8.94* 17.80***
S ty rene  P ro d u c t io n  and Use 6 15.00** 31.59***
Viscose  Rayon In d u s t r y 9 11.25* 22.50***
Laundries 7 10.14 16.67*
P ha rm aceu t i ca l  I n d u s t ry 5 1 0 .2 0 22.72*

♦ sign i f ican t  d i f f e r e n c e  from "A l l  women in  F i n l a n d , "  p<0.05
* * s i g n i f i c a n t  d i f f e r e n c e  from "A l l  women i n  F i n l a n d , "  p<0.01

* * * s i g n i f i c a n t  d i f f e r e n c e  from "A l l  women in  F i n l a n d , "  p<0.001
Taken from Hemminki e t  a l .  [139]

There were s t a t i s t i c a l l y  s i g n i f i c a n t  exce s se s  in  spontaneous a b o r t i o n s  
among members of  the Union of Chemical  Workers and among s e v e r a l  subgroups .  
There was a s i g n i f i c a n t  excess  among p l a s t i c s  w orke rs ,  e s p e c i a l l y  among 
s ty r e n e  and v i s c o s e  rayon w orke rs .  There were a l s o  e x c e s s e s ,  s i g n i f i c a n t  
only in  terms of the SA/B index,  among workers  in  l a u n d r i e s  and in  the 
p h a rm aceu t i c a l  i n d u s t r y .  There were 6 spontaneous a b o r t i o n s  among s ty r e n e  
workers ,  r e s u l t i n g  in an SA/P index of 15.00 (p<0.01)  and an SA/B index of 
31.59 (p<0 .001) ,  the h i g h e s t  i n d i c e s  of any group t a b u l a t e d  i n  the r e p o r t  
[139] ,  compared to 5.52 and 7 .98 ,  r e s p e c t i v e l y ,  in  the o v e r a l l  F in n i s h  
p o p u la t io n .  Hemminki e t  a l .  [139] s t a t e d  t h a t  the s t y r e n e  workplaces 
inc luded  mainly r e i n f o r c e d  p l a s t i c s  workshops.

In  1982, Harkonen and Holmberg [140] s t u d i e d  67 female l am in a t io n  
workers  o c c u p a t i o n a l l y  exposed to s ty r e n e  to e v a l u a t e  the p o s s ib l e  
embryotoxic e f f e c t s  of  s t y r e n e .  The average  age of  the workers  a t  the 6 
F in n i s h  f a c t o r i e s  manufac tu r ing  r e i n f o r c e d  p l a s t i c s  was 30 and ranged from 
19-40 y e a r s .  The d u r a t i o n  of  p a s t  s t y r e n e  exposure  was 0 .5  to 10 y e a r s ,  and 
averaged 4 .5  y e a r s .  No s t y r e n e  measurements were made in  t h i s  s tudy ,  b u t  
the i n v e s t i g a t o r s  [140] s t a t e d  t h a t  in  a p re v io u s  study in  the F in n i s h  
p o l y e s t e r  p l a s t i c s  i n d u s t r y ,  the median TWA exposure  to s ty r e n e  in  
l am in a t io n  work was 66 ppm. Each of the l am in a to r s  was matched by age w i th  
t e x t i l e  or  food p ro d u c t io n  workers  of  a s i m i l a r  s o c i a l  c l a s s  w i th  no 
o cc u p a t io n a l  s o lv e n t  exposu res .  A q u e s t i o n n a i r e  was p e r s o n n a l l y  
a d m in i s t e r e d  by the same i n t e r v i e w e r  d u r ing  1979-1980.  The o b s t e t r i c
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h i s t o r i e s  of  the s u b j e c t s  ( l a m i n a t o r s )  were d iv id e d  a c co rd in g  to the t ime 
p r i o r  to s ty r e n e  exposure  and the p e r io d  of  s ty r e n e  exposure .  The o b s t e t r i c  
h i s t o r i e s  of the c o n t r o l s  were l ik e w is e  d iv id e d  to cor re spond  to the time 
p e r io d s  of  t h e i r  age-matched exposed s u b j e c t s .  Table  IV-17 p r e s e n t s  d a ta  on 
p r e g n a n c i e s ,  b i r t h s ,  spontaneous a b o r t i o n s ,  and induced a b o r t i o n s .

TABLE IV-17
NUMBER OF PREGNANCIES, BIRTHS,

SPONTANEOUS ABORTIONS, AND INDUCED ABORTIONS AMONG 
67 LAMINATION WORKERS AND MATCHED CONTROLS

Before  S ty rene Exposure During  S ty rene  Exposure
Lamina t o r s C on t ro ls Laminators  C on t ro ls

Pregnanc ies 48 (84) 48 (80) 12 (16) 20 (22)
B i r t h s 40 (69) 39 (67) 3 (4)* 14 (14)
Spontaneous a b o r t i o n s 8 (8) 5 (8) 3 (4) 4 (4)
Induced a b o r t i o n s 6 (7) 5 (5) 8 (8) 4 (4)
Note:  The number of o ccu r ren ces  i s  g iven  in  p a r e n t h e s e s .
♦dif fe rent  from c o n t r o l s ,  p<0.01
Taken from Harkonen and Holmberg [140] ,

P r i o r  to the p e r io d  of s t y r e n e  exposure ,  the number of  women w i th  
p r e g n a n c i e s ,  b i r t h s ,  spontaneous a b o r t i o n s ,  and induced a b o r t i o n s  (o r  the 
number of occu r rences  of each)  d id  n o t  d i f f e r  s i g n i f i c a n t l y  f o r  the 
s ty re ne -e x po se d  and c o n t r o l  g roups .  During  s t y r e n e  exposu re ,  the number of  
p regn anc ies  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  b u t  the  number of  b i r t h s  among 
the exposed s u b j e c t s  was s i g n i f i c a n t l y  l e s s  than  the c o n t r o l s  (4 v s .  14, 
p<0.01) .  One cause lead in g  to t h i s  d i f f e r e n c e  was the h ig h e r  number of  
induced a b o r t i o n s  (8 v s .  4 ) ;  t h i s  d i f f e r e n c e ,  however,  was n o t  s i g n i f i c a n t .  
There were two b i r t h  d e f e c t s  r e p o r t e d  by bo th  the l am in a to r s  and the 
c o n t r o l s .  The two groups d id  n o t  d i f f e r  in  the use of c o n t r a c e p t i v e s  or  
d rugs ,  b u t  smoking and the consumption of  a l c o h o l  d u r ing  pregnancy were more 
common in  the s ty re ne -e x p o se d  group [140] .

To summarize t h i s  s u b s e c t io n ,  these  s t u d i e s  of  workers  in  f a c t o r i e s  
where s ty r e n e  copolymers (mainly  RP/C) were produced have demonst ra ted  
e f f e c t s  t h a t  have been a t t r i b u t e d  to s ty r e n e  exposure  d e s p i t e  p o t e n t i a l  
exposure  of the workers to o th e r  chem ica ls .  I t  i s  l i k e l y  t h a t  some of the 
r e p o r t e d  e f f e c t s  on worker h e a l t h  such a s  eye and r e s p i r a t o r y  t r a c t  
i r r i t a t i o n ,  d i z z i n e s s ,  headache,  nausea ,  and f e e l i n g s  of  i n t o x i c a t i o n  were 
due to s t y r e n e  exposures  a t  peak c o n c e n t r a t i o n s .  Some o t h e r  e f f e c t s  such as
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abnormal EEG p a t t e r n s ,  i n c r e a s e d  inc ide n ce  of chromosomal a b e r r a t i o n s  and 
s i s t e r  chromat id  exchanges,  i n c r e a s e d  inc iden ce  of  spontaneous a b o r t i o n s ,  
v isuomotor i n a c c u ra c y ,  and impaired  psychomotor per formance  have a l s o  been 
r e p o r t e d .

E p id em io lo g ica l  S tu d i e s
A r e t r o s p e c t i v e  c o h o r t  m o r t a l i t y  study of the German s t y r e n e  and 

p o ly s ty re n e  p ro d u c t i o n  p l a n t  p r e v i o u s l y  d e s c r ib e d  in  the  C l i n i c a l  S tu d i e s  
S e c t io n  [ 7 5 ,7 6 ,7 7 ] ,  was r e p o r t e d  in  1978 by Frentzel -Beyme e t  a l .  [78] .  
Airborne  s t y r e n e  c o n c e n t r a t i o n s  i n  p ro d u c t i o n  a r e a s  were ab o u t  1 ppm in  1975 
[75] ,  In  the m o r t a l i t y  s tu d y ,  r e c o r d s  of 1,960 p a s t  and p r e s e n t  workers 
were reviewed; causes  of  d ea th  as l i s t e d  on d ea th  c e r t i f i c a t e s  of 74 
workers  t h a t  d ied  dur ing  1956-1976 were compared w i th  a g e - s p e c i f i c  m o r t a l i t y  
of  the p o p u la t io n  of  the whole c o u n t r y .  The p r o p o r t i o n  of  dea ths  due to 
l i v e r  and d i g e s t i v e  organ d i s e a s e  was h ig h e r  in  the s ty r e n e -e x p o se d  workers 
than i n  the o v e r a l l  p o p u la t io n  of the co u n t r y .  However, the i n v e s t i g a t o r s  
[78] d id  n o t  i d e n t i f y  t h e i r  c r i t e r i a  of d i a g n o s i s  of l i v e r  and d i g e s t i v e  
organ d i s e a s e s .  F rentzel -Beyme e t  a l .  [78] sugges ted  t h a t  the  h ig h e r  
inc iden ce  of  l i v e r  d i s e a s e  might  be because  these  workers  were from the 
primary  w ine-producing  re g io n  of  the c o u n t ry ,  imply ing  a g r e a t e r  than 
average  a l c o h o l  consumption.  However, no d a ta  on the a l c o h o l  consumption of 
e i t h e r  the s ty r e n e -e x p o se d  o r  unexposed groups were g iv e n .  A t o t a l  of 12 
dea ths  from cance r  were recorded  among the s t y r e n e  workers  (3 lung,  2 
stomach, 2 p a n c re a s ,  2 co lon ,  1 rec tum, 1 s p l e e n ,  and 1 p ro bab le  k idney  
c a n c e r ) .  The in c id e n ce  of  these  tumors d id  n o t  d i f f e r  from t h a t  of  the 
o v e r a l l  p o p u l a t i o n  of  the c o u n t ry .  The p r o p o r t i o n  of  d ea th s  due to
c a r d i o v a s c u l a r  d i s e a s e s  was a l s o  l e s s  than in  the c oun t ry  a s  a whole.

In  1974, Maier e t  a l .  [84] r e p o r t e d  the r e s u l t s  of  a p r o p o r t i o n a l  
m o r t a l i t y  study of a U.S.  s t y r e n e  and p o l y s ty r e n e  p l a n t  p r e v i o u s l y  d e s c r ib e d  
in  the C l i n i c a l  S tu d i e s  S e c t i o n  [ 5 8 ,8 1 ,8 2 , 8 3 , 8 4 , 8 5 , 8 6 , 8 7 ] ,  P ro d u c t io n  of 
s t y r e n e  and b u ta d ie n e  monomers began a t  t h i s  p l a n t  in  1943, w i th  b u tad iene  
produced u n t i l  abou t  1950; s i n c e  1950, the p r i n c i p a l  p ro d u c t  had been 
p o ly s ty r e n e  [82 ] ,  P r i o r  to 1962, benzene was used as a raw m a t e r i a l  in  the 
o n - s i t e  p ro d u c t i o n  of  e th y lb e n z e n e ;  su b s e q u e n t ly ,  e thy lbenzene  f o r  s t y r e n e  
monomer p r o d u c t i o n  had been sh ipped  i n t o  the p l a n t  [141] ,  In  a 1973
i n d u s t r i a l  hygiene su rvey ,  Maier e t  a l .  [84] de te rmined  t h a t  exposures  to 
s t y r e n e ,  benzene ,  e th y lb e n z e n e ,  o r  to luene  were each u s u a l l y  l e s s  than 10
ppm. Death c e r t i f i c a t e s  f o r  46 workers  from t h i s  p l a n t  who had d ied  d u r ing  
the p rev io us  5 y e a r s  were ana lyzed  by Maier e t  a l .  [84] by a comparison to 
the m o r t a l i t y  of  m ales ,  aged 60-64 y e a r s ,  i n  the n a t i o n  a s  a whole.  Of the 
46 d e a th s ,  1 was a s u i c i d e  and 4 were a c c i d e n t s .  Grouping the remaining 41 
d ea th  c e r t i f i c a t e s  i n t o  e i t h e r  "Coronary D i s e a s e , "  "A l l  Forms of C ance r , "  
"C e re b ra l  V ascu la r  D i s e a s e , "  " R e s p i r a t o r y  D i s e a s e , "  "D isea se s  of  the
D ig e s t i v e  System," o r  "A l l  O ther"  r e v e a l e d  no s i g n i f i c a n t  d i f f e r e n c e s  from 
the expec ted  p r o p o r t i o n  of d ea th s  in  any c l a s s i f i c a t i o n .  Due to the small  
number of  dea ths  invo lved ,  as w e l l  a s  the use  of  m o r t a l i t y  r a t e s  from males 
aged 60-64 y e a r s  f o r  compar ison,  t h i s  s tudy  i s  d i f f i c u l t  to i n t e r p r e t .
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However, these  f i n d i n g s  were v e r i f i e d  by a more e x t e n s iv e  m o r t a l i t y  
study r e p o r t e d  in  1978 by N icholson  e t  a l .  [83 ] .  The v i t a l  s t a t u s  in  1975
of 560 men who were working in  t h i s  f a c t o r y  on May 1, 1960 and who had been
employed a t  l e a s t  5 y e a r s  was dete rmined .  The i n v e s t i g a t o r s  [83] expec ted  
abou t  106 d ea th s  b u t  83 were found.  Deaths from "H e a r t  and C i r c u l a t o r y
D i s e a s e s , "  "R e s p i r a to r y  D i s e a s e s , "  "C ance r , "  and "Other Causes" c a t e g o r i e s  
were n o t  g r e a t e r  than  expec ted .  Because of  p o t e n t i a l  benzene exposu re s ,
s p e c i a l  a t t e n t i o n  was g iven to leukemia as a cause  of d e a th .  Two cases  of 
leukemia and one lymphoma were r eco rded  on the 83 d ea th  c e r t i f i c a t e s .  Death
c e r t i f i c a t e s  p rov ided  by the company of 361 o t h e r  workers  who had been
employed a t  t h i s  f a c t o r y  f o r  6 months or  more were examined,  and f i v e  
a d d i t i o n a l  c a ses  of leukemia and fo u r  a d d i t i o n a l  c a ses  i n v o lv in g  the lymph 
system were recorded  on th e s e .  Although  the in f o r m a t io n  a v a i l a b l e  from the 
361 randomly c o l l e c t e d  d ea th  c e r t i f i c a t e s  was " s u g g e s t i v e "  of an excess  r i s k  
of  d ea th  from leukemia o r  lymphoma in  t h i s  f a c t o r y ,  N icholson  e t  a l .  [83]
concluded t h a t  the da ta  was n o t  d e f i n i t i v e .

In  1980, O t t  e t  a l .  [31] s t u d i e d  the m o r t a l i t y  r a t e  of  workers  a t  f o u r  
- d i f f e r e n t  l o c a t i o n s  of a U.S. m a n u fac tu re r  of s t y r e n e  and s t y r e n e  p ro d u c t s .  
Work a c t i v i t i e s  were mainly i n  s t y r e n e  p r o d u c t i o n ,  p o l y s ty r e n e  p r o d u c t io n ,  
cop o ly m e r i z a t io n  of  s ty r e n e  w i th  b u ta d ie n e  o r  a e r y l o n i t r i l e , c o l o r  mixing, 
r e s i n  e x t r u s i o n ,  and i n  s u p p o r t  a c t i v i t i e s  such a s  r e s e a r c h ,  p i l o t  p l a n t  
development,  and p ro d u c t  development .  Based on su rveys  conducted  between 
1962 and 1975, e s t im a te d  TWA s t y r e n e  exposures  were a l l  below 10 ppm,
in c lu d in g  one survey in  which th e r e  were e x c u r s io n s  to 50 ppm. In  some
u n i t s ,  t h e r e  were exposures  to benzene which were e s t im a t e d  to have been 
below 15 ppm dur ing  the p e r io d  1953-1972,  b u t  much h ig h e r  e a r l i e r .  There 
were o th e r  exposures  r e c o rde d ,  such as e thy lbenzene  ( l e s s  than  10 ppm),
ammonia (a b o u t  15 ppm), a c r y l o n i t r i l e  ( l e s s  than  10 ppm), v in y l i d e n e  
c h l o r i d e  ( l e s s  than  1 ppm), formaldehyde (ab ou t  3 ppm), c l e a n in g  s o l v e n t s ,  
and v a r io u s  pigments and dyes.

The e a r l i e s t  o p e r a t i o n  was 40 y e a r s  o ld ,  b u t  how many, i f  any ,  workers  
had worked w i th  s t y r e n e  t h a t  long was n o t  s t a t e d ;  however,  2,904 workers  had 
been employed f o r  a t  l e a s t  1 y e a r  in  s ty r e n e  o p e r a t i o n s .  Of the t o t a l
c o h o r t ,  2,360 workers  (81%) were from the  company's Michigan l o c a t i o n ,  w i th  
the remaining  workers  from p l a n t s  in  Texas,  C o n n e c t i c u t ,  and C a l i f o r n i a .  
V e r i f i c a t i o n  of  v i t a l  s t a t u s  was completed  f o r  a l l  b u t  88 former workers 
[31].

During the p e r io d  1940-1975,  t h e r e  were 303 d ea th s  found among s ty r e n e  
workers  ( p r o f e s s i o n a l  and n o n p r o f e s s i o n a l  r e s e a r c h  w orke rs ,  s u p e r v i s o r s ,  and 
p ro d u c t io n  w o rk e rs ) ,  compared w i t h  425 expec ted  i n  the U.S.  whi te  male 
p o p u la t io n ;  t h i s  t o t a l  of  303 d id  n o t  inc lud e  17 dea ths  among 164 former 
workers  exposed to a r s e n i c ,  a s b e s t o s ,  or  h igh  l e v e l s  of v in y l  c h l o r i d e .  
There were 58 dea ths  from the  "A l l  M al ignan t  Neoplasms" ca te g o ry  compared 
w i th  76.5 exp ec ted .  Except  as d i s c u s s e d  below, the  number of  dea ths  from 
s p e c i f i c  causes  d id  n o t  exceed thé expec ted  number. There was a s l i g h t  
excess  of d ea th s  from the c a teg o ry  " B r o n c h i t i s ,  Emphysema, and Asthma" (10 
observed  v s .  7.5 e x p e c te d ) ,  "M alignan t  Neoplasms of the Lymphatic and
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Hematopoie t ic  T i s su e  e x c e p t  Leukemia" (7 observed v s .  5 .3  e x p e c te d ) ,  and 
"Leukemia" (6 observed v s .  3.4  e x p e c te d ) .  In  a d d i t i o n  to the 13 cases  in  
which leukemia o r  lymphoma (m a l ig n a n t  neoplasms of the  blood forming organs)  
were r e p o r t e d  as the cause  of  d e a th ,  the re  were 2 c a ses  where the p resence  
of  leukemia o r  lymphoma was mentioned on the d ea th  c e r t i f i c a t e  b u t  where
a n o th e r  cause  of  dea th  was l i s t e d ,  and 6 c a ses  i d e n t i f i e d  as s t i l l  l i v i n g .  
The inc ide n ce  of  lymphocytic leukemia c a ses  were s i g n i f i c a n t l y  g r e a t e r  
(p<0.05) than expec ted  on the b a s i s  of  a g e - s p e c i f i c  i n c id e n ce  r a t e s  from the 
Th ird  N a t i o n a l  Cancer Survey (7 observed v s .  1.6 e x p e c te d ) .  Of the se  c a s e s ,  
5 ca ses  (1 of whom was s t i l l  l i v i n g )  v s .  0 .26  c a ses  expec ted  (p<0.05) 
occu r red  in  workers i n  o p e r a t i o n s  inv o lv in g  c o l o r a n t  b len d in g  and r o l l
compounding or e x t r u s i o n  of  p l a s t i c s ,  a r e a s  where polymer d u s t s ,  s o l v e n t s ,  
c o l o r a n t s ,  and e x t r u s i o n  fumes composed of vapors  i n c lu d in g  s t y r e n e  and 
e thy lbenzene  were p r e s e n t  [3 1 ] .

The p r o d u c t i o n  and n o n p r o f e s s i o n a l  r e s e a r c h  workers  (2 ,310  men) were 
a l s o  s t u d i e d  s e p a r a t e l y .  There were 282 d ea th s  in  t h i s  group v s .  357.8 
expec ted  from U.S.  whi te  male d a ta  and 287.6 expec ted  from d a ta  p u b l i s h e d  in  
1954 on workers  from the company's Michigan l o c a t i o n .  (There was an o ve r lap  
between the two c o h o r t s  a s  1,333 of the 8,171 workers  from the 1954
comparison group were inc luded  in  the l a t e r  s tudy  g ro up . )  Of the 282 
d e a th s ,  55 were due to "M al ignan t  Neoplasms ," v s .  64.2 expec ted  in  the U.S. 
p o p u la t io n  and 65 in  the 1954 company comparison  group .  There were 6 dea ths  
from "Leukemia,"  a s i g n i f i c a n t  d i f f e r e n c e  (p<0.05) from the  1.6 expec ted  in  
the company comparison group b u t  n o t  from the 2 .9  expec ted  i n  the U.S.
p o p u la t io n  [31] .

I n  summary, m o r t a l i t y  was l e s s  than  t h a t  of the co r re sp on d in g  whi te  male 
p o p u l a t i o n .  Deaths due to m a l ig n an t  neoplasms were fewer than  expec ted ,  b u t  
an i n c r e a s e  in  lymphatic  leukemia was observed among a subgroup of workers 
who had exposures  to polymer e x t r u s i o n  fumes ( i n c l u d i n g  s t y r e n e ) ,  s o l v e n t s ,  
and c o l o r a n t s .  However, the e t i o l o g y  of the lymphatic  leukemia could n o t  be 
e s t a b l i s h e d  by O t t  e t  a l .  [31] ,

In  1978, Ahlmark [142] d e s c r ib e d  the cance r  inc ide n ce  and m o r t a l i t y  
among a group of workers  i n  Sweden who were exposed to s t y r e n e  i n  the
manufac ture  of  r e i n f o r c e d  p l a s t i c s .  This  was a r e t r o s p e c t i v e  c o h o r t  s tudy
in  which e n t r y  i n t o  the c o h o r t  was d e f in e d  by the  d a te  of  f i r s t  employment. 
From as  many r e i n f o r c e d  p l a s t i c s  companies as cou ld  be lo c a t e d  and as were 
w i l l i n g  to p a r t i c i p a t e ,  persons  working w i th  s t y r e n e  up to the y e a r  1970 
were i d e n t i f i e d .  S u f f i c i e n t  in fo rm a t io n  to use in  the study was found on
1.114 men and 91 women. Exposure in f o r m a t io n  f o r  the se  workers  was n o t
p rov ided ,  b u t  Ahlmark [142] e s t im a t e d ,  from in f o rm a t io n  on r e i n f o r c e d
p l a s t i c s  o p e r a t i o n s  in  Sweden, t h a t  mean s ty r e n e  exposures  were 250-300 ppm 
in  the l a t e  1960s and e a r l y  1970s and were p robab ly  h ig h e r  e a r l i e r .  The
1.114 men ranged in  age from the l a t e  t eens  to the 7 0 ' s  and the 91 women 
from the 2 0 ' s to the 6 0 ' s .  Twelve d ea th s  from ca n c e r  were found in  the 
s tudy p o p u l a t i o n  from the S o c i a l  Welfa re  Board Cancer R e g i s t e r  f o r  1959-1976 
and the C e n t r a l  S t a t i s t i c a l  Bureau M o r t a l i t y  R e g i s t e r  f o r  1972-1976,  which 
were l e s s  than the 16.6 expec ted  [142] .
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While no excess of cancer was found in  th i s  group of workers,  exposed to 
s tyrene  a t  concen tra t ions  es timated to have been 250-300 ppm and higher,  
Ahlmark [142] po inted out t h a t  la tency periods fo r  many of these workers 
were no t  g r e a t ,  so,  i f  s tyrene were a carcinogen, more cases  would be 
expected l a t e r .  The problem of varying la tency was handled in  the 
c a l c u la t io n s  by computing person-years  of employment in each age category in 
the study cohor t .  However, only 472 workers (39%) in the cohort  had a 
la tency per iod of 11 years or  more, so, a lthough no t  given, the number of 
workers with  more more than 20 years  s ince  f i r s t  exposure was probably small .

Uptake, Metabolism, and Eliminat ion
Studies were repor ted  by Bardodej e t  a l .  [143] in 1961 and Bardodej 

[144] in  1964 on the uptake, metabolism, and e l im ina t ion  of inhaled styrene  
by humans. These in v e s t ig a t io n s  were l a t e r  summarized in  1966 and 1970 by 
Bardodej and Bardodejova [100,145],  Human v o lun tee r s ,  with  no h i s to ry  of 
occupational  s tyrene  exposure,  were experimentally exposed to styrene in a
closed chamber with  no p rovis ions  fo r  changing chamber a i r .  To study
styrene  abso rp t ion ,  Bardodej [144] measured each s u b j e c t ' s  minute volume 
during exposures to s tyrene  a t  21, 49, 106, and 188 ppm. The range of
minute volumes was 6-40 l i t e r s .  Styrene vapor concen tra t ions  in s ide  the 
chamber and in  the b rea th  were monitored by u l t r a v i o l e t  spectrophotometry.  
The percentages of styrene r e t a in e d  by the lungs were ca lcu la ted  from 
s tyrene  concen tra t ions  in  the inhaled and the exhaled a i r .  Over the range 
of styrene concen tra t ions  s tud ied ,  the sub jec t s  re t a in ed  about 60% of the 
inhaled s tyrene  rega rd le ss  of minute volumes or du ra t ion  of exposure.  When 
the sub jec ts  were removed from the t e s t  atmosphere, s tyrene  concen tra t ions  
in  exhaled a i r  decreased w i th in  seconds to le s s  than ha l f  the leve ls  found 
immediately a f t e r  removal from exposure.

To study s tyrene  metabolism, ur ine  was c o l l e c te d  from sub jec t s  exposed 
a t  22, 129, and 235 ppm fo r  8 hours and analyzed fo r  styrene and i t s
m etabo l i tes .  Styrene concen tra t ions  were below the d e te c t io n  l i m i t  of the 
photometric method used. Urine samples were subjected to paper 
chromatography, us ing severa l  l i q u id  phases and reagents  fo r  de tec t ion  of
mandelic, s tyrene  t h i o l i c ,  h ippur ic ,  and phenylglyoxyl ie  ac ids ,  
phenylglycol ,  phenylglycol glucuronide , and omega-hydroxyacetophenone
[144]. The presence of pheny lglycol ,  the glucuronide of phenylglycol ,  
omega-hydroxyacetophenone, and s ty rene  t h i o l i c  acid  could n o t  be
demonstrated in  the ur ine  of exposed su b je c t s ,  nor could an increase  in
h ippuric  ac id  concen tra t ion  [143]. Styrene oxide could n o t  be found in the 
ur ine  samples by using a spectrophotometr ic  method. Both mandelic and 
phenylglyoxyl ie  ac ids  were found and confirmed.

Urinary mandelic and phenylglyoxyl ic  ac ids  accounted fo r  85% and 10% of 
the absorbed s ty rene ,  r e sp e c t iv e ly .  Eighty pe rcen t  of o r a l ly  adminis tered 
mandelic ac id  was excre ted as such, wi th  15 percent  excre ted  in  the ur ine  as 
phenylglyoxyl ic  acid  [144],  Concentrat ions  of u r ina ry  mandelic ac id  of
sub jec ts  a t  the end of 8-hour exposures to styrene a t  22, 129, and 235 ppm
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averaged about 500, 1,350, and 2,700 mg/1, r e s p ec t iv e ly  [143,144].  A f te r  an 
8-hour exposure to 22 ppm, u r ina ry  mandelic ac id ,  expressed as the r a t i o  of 
mandelic acid  to c r e a t in i n e ,  was maximal a t  the end of exposure ( i . e . ,  0.4) 
and decl ined l i n e a r ly  over the nex t  20 hours to about 0.06.

In 1965, Fiserova-Bergerova and Te is inge r  [146] reported  the r e t e n t io n  
of styrene in sub jec ts  exposed a t  24 ppm. U l t r a v i o l e t  and polarographic  
methods (which they found equ iva len t )  were used to analyze fo r  s tyrene  in 
inhaled and exhaled a i r  during 2- and 5-hour exposures.  In a l l  experiments,  
the sub jec ts  exhaled through the mouth; they inhaled through the nose in 
some experiments and through the mouth in o the r s .  The average s tyrene 
r e t e n t io n  from the very beginning of exposure was 66% following nasa l
in s p i r a t io n  and 59% a f t e r  o ra l  i n s p i r a t i o n ,  and did not  change during the 2 
or 5 hours of exposure. In the a n a ly s i s  of a s ing le  deep b rea th ,  a lv e o la r  
s tyrene concen tra t ions  were found to be about 6.2% of the inhaled 
concen tra t ion ;  a f t e r  an e x p i r a t io n  pause (30 seconds),  a lv e o la r
concen tra t ions  were about 5.5%. This ' i n d i c a t e d  t h a t  t r a n s f e r  of s tyrene 
from the blood to the lungs was minor. No s tyrene  was found in exhaled a i r  
one minute a f t e r  removal from exposure [146],

Studies  of pulmonary absorp t ion  and the e l im ina t ion  of s tyrene  inhaled 
a t  70, 103, 115, 200, and 206 ppm fo r  4 or 8 hours were reported  by
Fernandez and Caperos [147] in 1977 and Caperos e t  a l .  [148] in 1979.
Pulmonary v e n t i l a t i o n ,  r e s p i r a to r y  r a t e ,  and a lv e o la r  concen tra t ions  of 
styrene were monitored f requen t ly  during the exposures.  Removal of s tyrene 
from inhaled a i r  by blood was p r a c t i c a l l y  cons tan t  throughout a l l  of the 
exposures.  The amount of styrene absorbed ranged from 90.5% during exposure
a t  70 ppm fo r  4 hours to 86.8% during exposure a t  206 ppm fo r  8 hours.  The
styrene a n a l y t i c a l  method (gas chromatography) under t h e i r  sampling
condi t ions  had a lower l i m i t  of d e te c t io n  of 0.01 ppm in 25 ml of expired 
a i r .  Some s tyrene  was found in a lv e o la r  a i r  f o r  about a week a f t e r  the
exposures.  The c a lcu la ted  t o t a l  amount of s tyrene  eliminated by the lungs
accounted fo r  2.6% (1.5-4.4%) of th a t  absorbed, independent of exposure 
condi t ions  [147],  On the average 54% was excreted in the ur ine  as mandelic 
acid  and 38% as phenylglyoxylic ac id .  Half of the u r ina ry  mandelic ac id  and 
one q u a r te r  of the phenylglyoxyl ie  acid  formed was excre ted during the 
8-hour exposure to 103 or 206 ppm styrene  with  the r e s t  being excreted 
w i th in  3-5 days [148],

A f te r  adminis te r ing  s tyrene a t  50 and 150 ppm through a mouthpiece, 
Astrand e t  a l .  [88] in 1974 measured i t s  concen tra t ions  in the a lv e o la r  a i r  
and a r t e r i a l  and venous blood of human vo lun tee rs .  These measurements, 
along with  rou t ine  cardiac  and r e s p i r a to r y  t e s t s ,  were conducted on 2-14 
male sub jec ts  who were 21-28 years old.  Measurements were made a t  r e s t  and 
a f t e r  exerc ise  on a b icyc le  ergometer a t  50, 100, and 150 Watts (W) to study 
the e f f e c t s  of various workloads on s tyrene  uptake. Mixtures of a i r  th a t  
contained 4% carbon dioxide and various amounts of styrene  were used to 
observe the e f f e c t s  of increased r e s p i r a t i o n  on s tyrene metabolism without  
the complicating e f f e c t s  of an increased card iac  r a t e .  The styrene 
concen tra t ions  found in the a lv e o la r  a i r  and in the a r t e r i a l  and venous 
blood under d i f f e r e n t  condi t ions  of exposure a re  presented  in Table IV-18.
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TABLE I V - 18

AVERAGE STYRENE CONCENTRATIONS IN ALVEOLAR AIR AND BLOOD 
OF SUBJECTS EXPOSED TO STYRENE AT 50 AND 150 ppm

Exposure Conditions S tyrene Concentrat ion (ppm)
S tyrene 

(ppm)
Workload C02

(w)
N* Alveolar

Air
A r t e r i a l

Blood
Venous

Blood

50 0 No 6 8.8 0.5 0.3
50 50 No 6 9.5 1.9 1.4

150 0 No 14 23.0 1.8 1.0
150 0 Yes 2 26.3 5.3 2.4
150 50 No 11 29.9 6.5 4.7
150 50 Yes 2 28.8 12.3 7.7
150 100 No 4 32.5 11.6 7.9
150 150 No 4 35.4 15.9 12.4

♦Number of subjects
Taken from Astrand e t  a l .  [88]

Pulmonary v e n t i l a t i o n ,  h e a r t  r a t e ,  and oxygen uptake were unaffected by 
exposure to s tyrene . Alveolar s tyrene  concen tra t ions  rose  only s l i g h t l y  
while the a r t e r i a l  concen tra t ions  almost t r i p l e d  in  response to a 50-Watt 
workload. The a lv e o la r  styrene concen tra t ion  reached a p la teau  a f t e r  only 1 
minute of exposure,  but the a r t e r i a l  styrene concen tra t ion  increased during 
the e n t i r e t y  of each 30-minute exposure per iod .  Fur the r  increases  in the 
a r t e r i a l  s tyrene  concen tra t ions  a l so  occurred a f t e r  exposure to styrene in 
a i r  conta in ing  4% carbon dioxide [88].

Because of the poor r e l a t io n s h ip  between a lv e o la r  and a r t e r i a l  s tyrene
concen t ra t ions ,  Astrand e t  a l .  [88] concluded th a t  a lv e o la r  a i r  was a poor
in d ic a to r  of the e x te n t  of exposure to s tyrene vapor. Astrand e t  a l .  [88]
recommended th a t  a f i n g e r t i p  blood sample be used to eva lua te  styrene  uptake 
because s tyrene  concen tra t ions  in  a r t e r i a l  and c a p i l l a r y  blood were in very 
good agreement. Urinary mandelic ac id  was determined c o lo r im e t r i c a l ly  before 
exposure and a t  3-hour i n t e r v a l s  fo r  24 hours a f t e r  removal from exposure.  
The mandelic acid concen tra t ions  peaked 3-5 hours a f t e r  exposure and f e l l  to 
pre-exposure values 9-13 hours a f t e r  concluding exposure.  In one 
experiment,  the concen tra t ions  of styrene in in sp i red  and expired a i r  were 
continuously measured in two in d iv idua ls  a t  r e s t  during four  consecutive 
30-minute styrene exposures a t  50, 150, 250, and 350 ppm. More than
two-thirds of the styrene inhaled during each 30-minute per iod was re ta ined  
by the su b je c t s .  The amount of styrene absorbed was 750 mg during th is
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sequen t ia l  2-hour exposure th a t  averaged 200 ppm of s ty rene ,  and i t  was 
determined t h a t  about 50% of the amount absorbed was excre ted  as mandelic 
ac id .  Because a nonspeci f ic  method was used fo r  determining mandelic ac id ,
i t  i s  l i k e ly  th a t  n o t  a l l  of the mandelic ac id  excre ted  was measured.
Astrand e t  a l .  [88] concluded th a t  measurement of u r ina ry  mandelic acid 
would no t  provide an accurate  in d ic a t io n  of s tyrene  exposure because there 
was a la rge  v a r i a t i o n  between sub jec ts  a t  low exposures.  However, with  the 
nonspeci f ic  method used to determine mandelic ac id ,  background values were 
large and v a r i a b le ;  consequent ly,  s l i g h t  d i f fe re n c es  in mandelic acid  
concentra t ions  might no t  have been d e te c t ab le .

Hake e t  a l .  [70] in  an in h a la t io n  study summarized e a r l i e r  in the 
Experimental Exposures S e c t io n , concluded th a t  blood a n a l y s i s ,  metaboli te  to 
c re a t in in e  r a t i o  in  24-hour u r ine  samples, and a lv e o la r  b re a th  ana lys i s  15 
minutes a f t e r  exposure were a l l  u se fu l  i n d ic a to r s  of styrene  exposure,  but 
they p re fe r re d  b rea th  a n a ly s i s  provided a n a ly s i s  could be performed the same 
day as exposure occurred. Such a sample taken 15 minutes a f t e r  exposure
and conta in ing more than 2.8 ppm styrene  ind ica ted  to the in v e s t ig a to r s  [70]
a styrene burden in ju r io u s  to h e a l th ;  th i s  was a s soc ia ted  with  changes in 
EEGs, v i su a l  evoked response, and pulmonary func t io n ,  and in  the onset  of 
such symptoms as headache, d iz z in e s s ,  and i r r i t a t i o n  of the eyes and upper 
r e s p i r a to ry  t r a c t .  The experimental exposures r e s u l t i n g  in  styrene 
concen tra t ions  of 2.8 ppm in  a lv e o la r  a i r  (15 minutes a f t e r  exposure) were 
100 and 125 ppm. No su b je c t  exposed a t  20 ppm had more than 0.8 ppm styrene 
in  h is  a lv e o la r  b rea th  15 minutes a f t e r  exposure.

Gote l l  e t  a l .  [35] ,  in  f i e l d  s tud ie s  of RP/C product ion workers 
summarized e a r l i e r  in the C l in i c a l  Studies S ec t io n , c o l l e c te d  b rea th  samples 
15 minutes,  2 hours,  and 5 hours a f t e r  the end of the workday and analyzed 
them for  styrene  by gas chromatography using a flame io n iz a t io n  de tec to r .  
The workers were divided in to  three groups based on TWA exposures to 
styrene: ( I )  235-292 ppm, ( I I )  89-139 ppm, and ( I I I )  17-32 ppm. When the
concen tra t ions  of s tyrene  in expired a i r  were p lo t t e d  a g a in s t  the time a f t e r  
exposure,  there  was a c h a r a c t e r i s t i c  r a t e  of s tyrene e xcre t ion  fo r  each 
group based on the leve l  of exposure.  Five hours a f t e r  exposure,  the 
concen tra t ion  of styrene  in  expired a i r  was about 0.9 ppm for  group I ,  
0.3 ppm for  group I I ,  and 0.2 ppm fo r  group I I I  [35].

Urine samples were c o l l e c te d  immediately a f t e r  work fo r  measurement of 
mandelic and phenylglyoxyl ie  ac ids  by the methods of Ohtsu j i  and Ikeda [121] 
with  the r e s u l t s  ad jus ted  to a ur ine  sp e c i f i c  g rav i ty  of 1.024. Control 
values in 27 nonexposed men were: mandelic ac id ,  78-434 mg/1; and
phenylglyoxylie ac id ,  20-196 mg/1 [35].  The o v e ra l l  l i n e a r  c o r r e l a t io n  
c o e f f i c i e n t s  (Groups I ,  I I ,  and I I I )  with  8-hour TWA styrene  exposure 
concen tra t ions  were 0.75 fo r  mandelic ac id  and 0.36 fo r  pheny lg lyoxyl ic  
ac id .  However, the re spec t ive  c o r r e l a t i o n  c o e f f i c i e n t s  fo r  workers exposed 
a t  8-hour TWA concen tra t ions  ranging from 17-139 ppm (Groups I  and I I )  were 
0.96 and 0.85, while fo r  the workers in Group I I I  exposed a t  higher 
concen tra t ions  ( i . e . ,  235-292 ppm), the c o r r e l a t i o n  c o e f f i c i e n t s  were -0.93 
and -0 .95 . These negat ive  c o r r e l a t i o n  c o e f f i c i e n t s  found a t  the higher
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s tyrene  concen tra t ions  may r e f l e c t  an asymptotic curve r a t h e r  than a r e a l  
reduct ion  in mandelic or phenylglyoxyl ie  ac id  concen tra t ion .  Gote l l  e t  a l .  
[35] p lo t t e d  three l i n e a r  reg re s s io n  l in e s  to expla in  the r e l a t io n s h ip  
between concen tra t ions  of m etabo l i tes  and a i rborne  s ty rene .  Visual 
inspec t ion  of these p lo t s  suggests t h a t  the data might b e s t  be f i t t e d  by a 
hyperbola.  I f  so, the negat ive  reg re ss ion  would be b e t t e r  expressed as the 
upper end of such a curve. I f  these data  a re  indeed proper ly  described by a 
hyperbola,  i t  appears th a t  e xc re t io n  of these m etabo l i tes  approaches a 
maximum (asympto t ica l ly )  with  increas ing  dose of absorbed s ty rene .  Whether 
the l i m i t a t i o n  i s  metabolic or excre to ry  i s  no t  e s t a b l i s h e d ,  though 
metabolic l i m i t a t i o n  seems a more l i k e ly  explanation .

In 1978, Gngstrom e t  a l .  [149] found styrene in  subcutaneous adipose 
t i s su e  in  vo lun teer  sub jec ts  exposed to styrene vapor.  Seven male sub jec t s ,  
22 to 30 years  of age, were exposed fo r  two hours to 50 ppm of s tyrene 
through a b rea th ing  valve and mouthpiece with 30 minutes of r e s t  and three 
30-minute work per iods  on a b icyc le  ergometer a t  i n t e n s i t i e s  of 50, 100, and 
150 Watts. Average styrene uptake was 490 mg, corresponding to 63% of the 
amount in sp i re d .  Styrene uptake was 5-6 times h igher  during heavy work than 
a t  r e s t .  The average t o t a l  amount of s tyrene expired during the 19 hours 
following exposure was about 3% of the amount re ta ined  during exposure.

Needle biopsy of subcutaneous adipose t i s su e  was performed on a l l  of the 
sub jec ts  before exposure and 0 .5 ,  2, 4, and 20-24 hours a f t e r  the exposure. 
In a d d i t io n ,  four  of the men were subjected  to b iops ies  during the 1-2 weeks 
following exposure. Styrene concen tra t ions  in the adipose t i s su e  of the 
sub jec ts  were determined a f t e r  evaporat ion  of the so lven t  a t  150°C in to  
n i t rogen  which was continuously  exchanged. The gas was c o l l e c t e d  in  30-ml 
g lass  syringes and assayed with  gas chromatography. About 24 hours a f t e r  
exposure the average concen tra t ion  of styrene in adipose t i s su e  was about 
the same leve l  as 2-4 hours a f t e r  exposure,  i . e . ,  about 3.5 mg/kg. 
Retent ion of styrene was no t iced  as l a t e  as 13 days a f t e r  the 2-hour 
exposure.  The i n v e s t ig a to r s  [149] estimated the h a l f - l i f e  of s tyrene  in 
adipose t i s su e  to be 2-4 days.

Also in 1978, Engstrom e t  a l .  [150] conducted a s im i la r  i n v e s t ig a t io n  of 
three males occupational ly  exposed to styrene during the processing of 
p o lye s te r  tanks.  The TWA exposures of the workers were 8, 15, and 20 ppm.
The average da i ly  uptake of s tyrene  was est imated to be 193-558 mg. On 
Monday morning s tyrene concen tra t ions  in adipose t i s su e  were 2 .8 -8 .1  mg/kg 
and on Friday af ternoon were 4 .7 -11 .6  mg/kg. The concen tra t ions  were higher 
in  the two workers with  the higher  exposures ( i . e . ,  15 and 20 ppm) of longer 
dura t ion  ( seve ra l  years)  as compared to s ty rene  adipose t i s sue  
c oncen tra t ions  in  the o ther  worker who had been employed only 2 weeks with 
an exposure of 8 ppm . Both of the workers with  seve ra l  years of exposure 
to s tyrene  had a considerable  amount of body f a t  (27 and 41 kg, 
r e sp ec t iv e ly )  as est imated by an anthropometr ic  method. The h a l f - l i v e s  of 
s tyrene  in adipose t i s sue  fo r  these two workers were c a l cu la t ed  by Engstrom 
e t  a l .  [150] to be 5.2 and 2.8 days,  r e sp ec t iv e ly .
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The percutaneous absorp t ion  of undilu ted  and aqueous so lu t ions  of 
styrene was studied in 1968-1969 by Dutkiewicz and Tyras [151,152,153],  
With undi lu ted  s ty rene ,  e i t h e r  0.1 ml (88.8 mg) or 0.2 ml (176.8 mg) was 
applied to the forearms of each of seven su b jec t s .  A watch g lass  was
pressed t i g h t l y  to the sk in ,  and the amount of s tyrene  absorbed was 
ca lcu la ted  from the d i f fe rence  between the amount appl ied  and the amount
recovered a f t e r  8-15 minutes.  Styrene th a t  was removed from the skin with
gauze and from the gauze and watch g lass  with  g l a c i a l  a c e t i c  acid was
analyzed c o l o r i m e t r i c a l l y . On the average, s tyrene  was in con tac t  with 
17.3 sq cm of skin fo r  11.1 minutes,  and 39.4 mg of styrene was absorbed. 
The average c a lcu la ted  r a t e  of absorp t ion  in the seven sub jec t s  was 11.9 
mg/sq cm/h [151].

In the study of styrene d i lu te d  with  water,  the d i f fe rence  in the
concentra t ion  of the so lu t ion  before and a f t e r  immersing one hand for  an 
hour was d i r e c t l y  determined with  an u l t r a v i o l e t  spectrophotometer.  
Evaporation of the so lu t ion  was prevented by enclosing the beaker and hand 
in a polyethylene bag. With s tyrene concen tra t ions  of 67.5-264.0 mg/1 of
water,  14 observations were made on 6 su b jec t s .  The r a t e s  of styrene
absorpt ion  increased l i n e a r ly  with  styrene concen tra t ion .  Rates of 38-184 
pg/sq cm/h were estimated [151].

Dutkiewicz and Tyras [151] a lso  evaluated u r ina ry  mandelic acid  and 
styrene in exhaled b rea th  in the study of percutaneous absorpt ion  of 
s tyrene .  Four sub jec ts  each immersed both hands in aqueous styrene 
so lu t ions  (215-220 mg s t y r e n e / l i t e r  of water) fo r  2 hours.  During the 
ensuing 24 hours,  mandelic acid  was determined po la rog raph ica l ly  a f t e r  
conversion to benzaldehyde. The r a t e  of excre t ion  of mandelic acid  in ur ine  
decreased exponent ia l ly  from 3-4 mg/h i n i t i a l l y  to about 0.7 mg/h a t  18-24 
hours. On the average, the sub jec ts  excreted about 40 mg of mandelic acid 
in 24 hours or only about 13% of the estimated average amount of styrene
absorbed. Traces of s tyrene were de tected in expired a i r  of sub jec ts  who 
had absorbed about 200 mg of s tyrene .  The in v e s t ig a to r s  [151] concluded 
t h a t  con tac t  of both hands with undi lu ted  styrene fo r  1.5 minutes or with 
sa tu ra ted  aqueous so lu t ions  fo r  1 hour could r e s u l t  in absorp t ion  of styrene 
equiva len t  to th a t  absorbed by a worker exposed to a i rborne  styrene a t  12 
ppm fo r  8 hours. Whether data from absorpt ion  of styrene  through the hands 
can be q u a n t i t a t i v e l y  applied to other  skin areas  i s  no t  c l e a r ,  bu t  a t  l e a s t  
the data [151] c le a r ly  demonstrate th a t  styrene can pene t ra te  human skin.

In 1978, Riihimaki and P f a f f l i  [154] described the percutaneous 
absorpt ion  of a i rborne  styrene in two male su b jec t s .  These subjects  were 
exposed to styrene vapor a t  a concen tra t ion  of 600 ppm fo r  3.5 hours.  Each 
wore socks, pajamas made of a th in  c lo th ,  and, to prevent  absorpt ion  through 
the lungs,  a f u l l - f a c e p ie c e  p o s i t i v e  pressure  r e s p i r a t o r  t h a t  was monitored 
fo r  proper opera t ion .  They exerc ised a t  100 Watts fo r  10 minutes of each 
hour on a b icyc le  ergometer,  and a t  a l l  o ther  times remained sedentary;  th is  
exerc ise  made them pe rsp i re  fo r  about 15 minutes.  Based on amounts of 
ur inary  m etabo l i tes  (mandelic,  phenylglyoxyl ic ,  and methylhippuric acids)  
and s tyrene in expired a i r ,  the amount of s tyrene absorbed through the skin
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during the exposure averaged 576.1 ymoles for  the two su b je c t s .  This
amount was est imated to be 19% of the amount th a t  would have been absorbed
through the lungs a t  the same concen tra t ions ,  assuming a 60% re t e n t io n  ra te
fo r  s tyrene a t  600 ppm. This amount was twice th a t  absorbed by the lungs 
during the exposures of th ree  sub jec t s  a t  10 ppm (576.1 vs.  288.1 
Vimoles). The small number of sub jec ts  and the v a r i a b i l i t y  in the data
preclude d e f i n i t e  conclusions from th i s  experiment,  o ther  than to in f e r  th a t  
styrene vapor can pene t ra te  i n t a c t  sk in ,  a l b e i t  i n e f f i c i e n t l y .  A quest ion  
should a l so  be ra i sed  about the degree of r e l i a n ce  to be placed on 
r e s p i r a to r s  by those working in high concen tra t ions ,  such as some work in 
enclosed spaces.

In 1980, Brooks e t  a l .  [155] designed a study to determine whether 
s tyrene absorp t ion  through the sk in r e s u l t s  in measurable changes in 
b io lo g ic a l  in d ic a to r s  of s ty rene  exposure.  Eight  female workers engaged in 
hand lay-up operat ions  in f ib rous  g lass  boat product ion during which 
extens ive  styrene  skin c on tac t  occurred were s tud ied .  Measurements of 
expired b rea th  and blood styrene l eve ls  and ur inary  l eve ls  of mandelic and 
phenylglyoxyl ie  ac ids  were made during 4 consecutive days using d i f f e r e n t  
experimental condi t ions  including e i t h e r  (1) gloves and p ro te c t iv e  c lo th ing  
alone , (2) r e s p i r a t o r  a lone, (3) gloves,  p ro te c t iv e  c lo th ing ,  and r e s p i r a t o r ,  or (4) no r e s p i r a t o r ,  gloves,  or p ro te c t iv e  c lo th ing .  TWA 
airborne  s tyrene  leve ls  ranged from 71-91 ppm, as determined with  charcoal  
tubes and gas chromatographic a n a ly s i s .  Levels of s tyrene in venous blood 
and expired b rea th  and excre t ion  of ur inary  mandelic and phenylglyoxylic 
ac ids  were no d i f f e r e n t  when gloves and p ro te c t iv e  c lo th ing  were used as 
p ro te c t io n  compared to when no gloves,  p ro te c t iv e  c lo th ing ,  or r e s p i r a to r s  
were used. S ig n i f i c a n t  reduct ion in a l l  b io lo g ic a l  indices  s tudied  occurred 
when r e s p i r a to r y  p ro te c t io n  was used. Brooks e t  a l .  [155] concluded th a t  
percutaneous absorp t ion  of s tyrene was no t  a s i g n i f i c a n t  exposure source and 
did no t  s i g n i f i c a n t l y  con t r ib u te  to the body burden of s tyrene  in the RP/C 
workers s tudied who were engaged in hand lay-up opera t ions .  The lack of
apparent skin absorpt ion  was a t t r i b u t e d  to poss ib le  d i f fe re nc es  in t r anspo r t  
phenomena a t t e n d a n t  to the use of po lyes te r  r e s in s  in combination with  
s ty rene ,  which might have in h ib i t e d  percutaneous absorp t ion  [155]. However, 
Dutkiewicz and Tyras [151] as previously  d iscussed,  determined th a t  only 13% 
of the s tyrene  absorbed percutaneously with  hands immersed in an aqueous 
so lu t ion  was e liminated as mandelic ac id .

In  1978, Guillemin and Bauer [156] reported a study of the excre t ion  of
ur inary  mandelic and phenylglyoxylic ac ids  a f t e r  experimental exposures to
s tyrene .  Nine heal thy male v o lun tee r s ,  21-34 years old ,  with  normal
he igh ts ,  weights,  and v i t a l  c a p a c i t i e s  and with  no c u r re n t  styrene exposure 
were used, some severa l  t imes. The study was conducted in  an experimental 
chamber th a t  had been previously  described by Guillemin [157],  I t  had an 
i n t e rn a l  volume of 10 cu m, and there  were provis ions  fo r  c o n t ro l l in g  the 
temperature (22°C) and humidity (50%) and fo r  exchanging the a i r .  Styrene 
concen tra t ions  ins ide  the chamber were monitored continuously with  a t o t a l  
hydrocarbon analyzer  and p e r io d i c a l l y  by gas chromatography. The 
experimental parameters are  shown in Table IV-19.
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TABLE I V - 1 9

STYRENE EXPOSURE SCHEDULE OF HUMAN VOLUNTEERS

Number of Number of Duration of Concentrat ion
Subjects Exposures Exposure (h) (ppm)

5 4 4 99-122
4 1 4 200
4 2 8 42-49
9 3 8 100-112
3 2 3.5 99-101

Taken from Guillemin and Bauer [156]

All u r ine  specimens were c o l l ec te d  during exposures and fo r  up to 4 days 
af te rwards ;  u r inary  mandelic and phenylglyoxylie ac ids  were determined gas 
chromatographica1l y . The ur ine  samples were divided in to  two por t ions  with
one being analyzed d i r e c t l y  fo r  mandelic ac id .  Phenylglyoxylie acid  in the 
second por t ion  was found i n d i r e c t l y  a f t e r  i t  was converted to the tr imethyl 
s i l y l  d e r iv a t iv e  of mandelic acid  as described by Guillemin and Bauer [158] 
and t o t a l  mandelic acid  rep re sen t ing  i n i t i a l  mandelic acid  and phenylglyoxylie 
acid  was determined. Both mandelic and phenylglyoxyl ie  ac ids  were found in 
the u r ine  of sub jec ts  w i th in  an hour of the beginning of s tyrene  exposure 
[156].  Af te r  the 8-hour exposure a t  100-112 ppm, the u r ina ry  mandelic acid  
concen tra t ion  decreased from 1,000 mg/g of c r e a t in in e  a t  the end of exposure 
to about 10 mg/g of c r e a t in in e  56 hours l a t e r .  Urinary excre t ion  of 
phenylglyoxylie acid  decreased exponent ia l ly  during the 48 hours a f t e r  
exposure .

Urinary mandelic and phenylglyoxyl ie  acid e xcre t ion  data obtained from 
ind iv idua ls  exposed to styrene fo r  8 hours a t  50 ppm were in d is t ing u ish ab le  
from those obtained from ind iv idua ls  exposed fo r  4 hours a t  115 ppm. Thus, 
these in v e s t ig a to r s  [156] showed th a t  u r inary  mandelic acid  concentra t ions  
r e f l e c t  exposure dose (as  est imated by the product of exposure concentra t ion  
and dura t ion)  r a th e r  than exposure concen tra t ion .  Rat ios  of mandelic acid to 
c re a t in in e  c a lcu la ted  fo r  ur ine  samples c o l l ec ted  a t  the end of exposure and 
14 hours l a t e r ,  and t o t a l  mandelic acid  in a l l  u r ine  c o l l ec te d  over a 4-day 
period a f t e r  exposure were c o r re la te d  to the exposure dose in terms of ppm 
times hours of exposure with c o e f f i c i e n t s  of 0.706, 0.668, and 0.873,
re sp e c t iv e ly .  The data demonstrated th a t  there is  no advantage to measuring 
phenylglyoxyl ie  acid  or mandelic plus phenylglyoxyl ie  ac ids  over measuring 
mandelic acid  only.
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In 1974, Ideda e t  a l .  [159] measured ur inary  m etabo l i tes  of styrene in 
s ix  workers who were exposed to s tyrene  during the product ion of e l e c t r i c  
motor p a r t s  in a Japanese f a c to ry .  On the day the workers were s tudied , 
they were exposed a t  50-200 ppm fo r  two 80-minute per iods  with  a 200-minute 
nonexposure i n t e r v a l .  One week l a t e r ,  f ive  of these same workers and an 
a d d i t io n a l  worker were s tud ied .  The workers were exposed t h a t  day to 
styrene  a t  4-60 ppm fo r  120 minutes.  Styrene concen tra t ions  in the 
workplace were determined by c o lo r im e t r ic  d e te c to r  tubes and by g a s - l iqu id  
chroma tography.

Urinary h ippur ic  ac id  concen tra t ions  following the f i r s t  exposure 
(50-200 ppm) reached a maximum a few hours a f t e r  u r ina ry  excre t ion  of 
mandelic and phenylglyoxylic ac ids  had returned to normal. At the lower 
leve l  of exposure ( i . e . ,  4-60 ppm) a week l a t e r ,  no increase  in h ippuric  
acid  above con t ro l  values could be de tec ted .  The reason fo r  the delayed 
h ippuric  acid  e xcre t ion  was considered by Ikeda e t  a l .  [159] to be due to a 
slow step in the conversion of mandelic and pheny lg lyoxy l ic  acids  to 
h ippuric  ac id .  The h a l f - l i v e s  of mandelic and phenylglyoxyl ic  a c id s ,  and 
there fore  s ty rene ,  were est imated to be about 8 hours [159],

In 1981, P f a f f l i  e t  a l .  [160] v e r i f i e d  by gas chromatography/mass 
spectrometry the presence of 4-vinylphenol  in the u r ine  of workers in two 
re in forced  p l a s t i c s  f a c t o r i e s  where average a i rborne  s tyrene  concen tra t ions  
were about 130 ppm. The c o r r e l a t i o n  between mandelic acid  and 4-vinylphenol 
was good ( r=0 .93) ;  increas ing  e xcre t ion  of mandelic ac id  was a lso  
accompanied by increas ing  amounts of 4-vinylphenol  in  the u r in e .  The 
presence of 4-vinylphenol was no t  de tected  in  ur ine  of unexposed 
in d iv id u a l s .  The presence of 4-vinylphenol  in the ur ine  of s tyrene  workers 
suggested to the in v e s t ig a to r s  [160] th a t  styrene  was a l so  metabolized via  
arene ox ida t ion ,  wi th  s t y r e n e - 3 , 4-oxide probably func t ion ing  as an 
in te rm ed ia te .  S tyrene-3 ,4-oxide  was found in 1982 by Watabe e t  a l .  [161] to 
have po ten t  mutagenicity  and cy togen ic i ty  toward Salmonella typhlmurium 
s t r a i n  TA 100. However, o ther  pathways to 4-vinylphenol  a re  poss ib ly  
p re sen t  which do no t  involve arene oxides.  The metabolic pathway via  the 
ox ida t ion  of the v iny l  group i s  a t  l e a s t  q u a n t i t a t i v e l y  the more important 
route  as compared to arene ox ida t ion ,  since  the amount of 4-vinylphenol was 
only about 0.3% of the amount of mandelic ac id .

A na ly t ica l  methods fo r  determining mandelic ac id  and r e l a t io n s h ip s  
between ur ina ry  mandelic acid  concen tra t ions  and TWA exposures of workers to 
s tyrene  are  discussed f u r th e r  in Chapter V and in Appendix I I .

EFFECTS ON ANIMALS

Toxici ty
E f fe c ts  of styrene vapor exposures a t  1,300-10,000 ppm on r a t s ,  guinea 

p igs ,  r a b b i t s ,  and monkeys were repor ted  in 1942 by Spencer e t  a l .  [53], 
The s tyrene  contained 0.01% 4 - t e r t - b u ty l c a t e c h o l .  Rats (405) and guinea
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pigs (410) were exposed to a s e r i e s  of concen tra t ions  during s ing le  
exposures of various  lengths of time. A f te r  exposure,  the animals were 
observed fo r  2-4 weeks, a f t e r  which some were s a c r i f i c e d  fo r  microscopic 
study. The responses of animals during exposure to s tyrene  a re  presented in 
Table IV-20.

TABLE IV-20
EFFECTS ON RATS AND GUINEA PIGS DURING INHALATION OF STYRENE

S tyrene Exposures Observation During Exposure
ppm Hours to 100% M orta l i ty

Rats Guinea
Pigs

1,300 >40 40 Rubbing of eyes and nose,  v i o l e n t  sc ra tch ing  
of face ,  l ac r im at ion ,  nasa l  d ischarge ,  
s a l i v a t i o n ,  general weakness, unsteadiness  
a f t e r  12-30 hours

2,000 >30 30 As above, but becoming marked a f t e r  24-30 
hours.  Some animals l o s t  consciousness

2,500 21 14 Weakness and stupor  followed by incoord ina t ion ,  
loss  of equi l ib r ium,  tremors,  unconsciousness 
a f t e r  10-12 hours

5,000 8 8 Weakness, immediate loss  of equil ib r ium, 
tremors,  c lon ic  convulsions,  
unconsciousness a f t e r  <1 hour

10,000 3 3 Same as above, wi th  more rapid onset
Taken from Spencer e t  a l . [53]

Local i r r i t a t i o n  of the eye, nose,  and th ro a t  and CNS depression 
manifested by incoo rd ina t ion ,  loss  of equi l ibr ium, tremors,  and loss of 
consciousness were observed during exposure [53].  Findings from examination 
of the lungs included congest ion, f requen t  hemorrhage, edema, exudation, and 
varying degrees of leukocyt ic  i n f i l t r a t i o n .  The se v e r i ty  of these e f f e c t s  
was g re a te r  in guinea pigs than in r a t s  and depended on s tyrene 
concen tra t ion  and dura t ion  of exposure.  Mild in ju ry  to the l i v e r ,  
p a r t i c u l a r l y  to the parenchymal c e l l s ,  and to the kidneys was frequent ly
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observed in  r a t s .  Most deaths t h a t  occurred during s ing le  exposures were 
a t t r i b u t e d  to the a c t ion  of s tyrene  on the c e n t r a l  nervous system; delayed 
deaths were a t t r i b u t e d  to pneumonia secondary to lung i r r i t a t i o n .

The authors  [53] concluded th a t  because of the i r r i t a t i n g  p ro p e r t i e s  of 
s tyrene a t  1,300 ppm, i t  was un l ike ly  th a t  humans would t o l e r a t e  th i s  
concen tra t ion  very long, and th a t  the i r r i t a t i o n  would serve as an adequate 
warning of hazardous concen tra t ions .

Guinea p igs ,  r a t s ,  r a b b i t s ,  and monkeys were exposed to s tyrene  fo r  7-8 
hours a day, 5 days a week fo r  up to 264 exposures by Spencer e t  a l .  [53] 
(see Table IV-21).

TABLE IV-21
EFFECTS OF CHRONIC STYRENE INHALATION ON LABORATORY ANIMALS

Animal S tyrene No. of E f fe c ts
Species No. (ppm) Exposures

Rat 28 2,000 105 Marked eye and nose i r r i t a t i o n ,  
l i s t l e s s n e s s ,  poor weight gain

Guinea pig 12 2,000 98 Marked eye and nose i r r i t a t i o n ,  
l i s t l e s s n e s s ,  poor weight gain

Rabbit 1 2,000 126 None
Ra t 50 1,300 130-139 Eye and nose i r r i t a t i o n ,  increased 

kidney and l i v e r  weight
Guinea pig 94 1,300 130-139 Pronounced lung i r r i t a t i o n  with  

congest ion,  hemorrhage, edema, 
exudation, and a genera l  acute  
inflammation; 10% m o r ta l i ty  a f t e r  
f i r s t  few exposures;  poor weight 
gain in survivors

Rabbit 12 1,300 45-264 None
Monkey 4 1,300 262-264 None
Guinea pig 24 650 23-130 None
Taken from Spencer e t  a l . [53]
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The authors  [53] found no s igns  of in to x ic a t io n  in  r a b b i t s  and monkeys 
a f t e r  repeated in h a la t io n  of s tyrene  a t  1,300 ppm. Rats exposed a t  th i s  
concen tra t ion  fo r  s im i la r  periods of time exh ib i ted  eye and nose 
i r r i t a t i o n .  Guinea pigs  exposed a t  1,300 ppm exh ib i ted  marked lung
i r r i t a t i o n  bu t  were unaffec ted  a t  650 ppm.

In a group of 59 r a t s ,  Spencer e t  a l .  [53] found t h a t  those adminis tered 
s tyrene o r a l ly  a t  8.0 g/kg a l l  died and those given s tyrene  a t  1.6 g/kg a l l  
survived. The s tyrene was emulsif ied  in o l ive  o i l  wi th  gum a rab le .  
Repeated g a s t r i c  in tuba t ion  of styrene a t  2 .0 ,  1.0,  0 .5 ,  and 0.1  g/kg, given 
5 d/wk fo r  28 days, was a l so  performed. The number of r a t s  given each dose 
was no t  given. At 2.0 g/kg, r a t s  died a f t e r  only a "very few" doses,  and 
pronounced stomach and esophageal i r r i t a t i o n  was found. S im ilar  i r r i t a t i o n  
and some deaths r e s u l t e d  a t  1.0 g/kg. S l i g h t  loca l  i r r i t a t i o n  of the 
esophagus and stomach and poor weight gains were found in f ive  male r a t s  
th a t  survived 20 o ra l  doses of 0.5 g s tyrene /kg .  No d i f fe rences  in 
unspeci f ied  blood components were found between the r a t s  given 0.5 g/kg and 
the f ive  con tro l  r a t s .  Rats t h a t  were adminis tered 20 doses of 0.1 g/kg 
survived and were found to be genera l ly  in good hea l th .

After  one a p p l i c a t io n  of und i lu ted  styrene to the ea r  of a r a b b i t ,  
Spencer e t  a l .  [53] found "no apprec iab le  r e a c t io n . "  However, a f t e r  20 
a p p l i ca t io n s  over a 4-week per iod ,  moderate i r r i t a t i o n  with  b l i s t e r i n g  and 
ha i r  loss  was observed. Two a p p l i c a t io n s  of s tyrene  to the shaved abdomens 
of r a b b i t s  caused marked i r r i t a t i o n  and some nec ros is  s im i la r  to the e f f e c t  
caused by benzene or toluene [53],

In  1956, Wolf e t  a l .  [162] appl ied  und i lu ted  s tyrene  10-20 times to the
ears  and shaved abdomens of an unspeci f ied  number of r a b b i t s  over 2-4 weeks.
Skin e f f e c t s  from styrene were charac te r ized  by d e f i n i t e  erythema of the 
sk in and development of a th in  layer  of n e c ro t i c  t i s su e  t h a t  r e s u l t e d  in 
e x f o l i a t i o n .  Under the condi t ions  of t h i s  experiment,  there  was no
in d ic a t io n  t h a t  styrene was absorbed through the sk in in  acu te ly  toxic  
amounts.

Wolf e t  a l .  [162] a l so  placed two drops of l i q u id  s tyrene on the r i g h t  
eyes of an unspeci f ied  number of r a b b i t s .  Visual observa t ions  of the degree 
of i r r i t a t i o n  were made a t  3 minutes,  1 hour,  2 days, and 7 days a f t e r
adm in is t ra t ion .  External corneal in jury  was v i su a l i z e d  with  the a id  of 5% 
f luo re sce in  in water.  Ocular in ju ry  from styrene was manifested by moderate 
con junct iva l  i r r i t a t i o n ,  inflammation and s l i g h t  swell ing  of the eye l id s ,
and s l i g h t  t r a n s i e n t  corneal in ju ry  (p e rc ep t ib le  s u p e r f i c i a l  necros is  
involving l e ss  than 50% of the cornea).

Wolf e t  a l .  [162] a l so  reported  a s e r i e s  of s tud ie s  on a lky la ted  
benzenes,  including s ty rene .  After  single -dose  in tuba t ions  of 37 r a t s  with
7 ml or le ss  of s tyrene  (undi lu ted  or emulsif ied in o l ive  o i l  or corn o i l
with 5-10% gum a r a b i c ) ,  data suggesting an approximate LD50 of 5.0 g/kg were 
obtained. Upon necropsy, s l i g h t  l i v e r  changes and occasional kidney 
involvement were observed. Repeated adm in is t ra t ion  of s tyrene  by in tuba t ion
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(2-3 ml in o l ive  o i l ,  emuls if ied  with gum a rab ic )  to groups of 10 female 
r a t s  was performed once a day, 5 days per week fo r  6 months. A group of 20 
r a t s  fed only 2.5 ml of o l ive  o i l  with gum arab ic  served as c o n t ro l s .  One 
hundred and th i r ty - tw o  in tuba t ions  were given a t  each of the following 
doses: 66.7,  133, 400, and 667 mg/kg/d. Counts of formed elements of the 
blood were performed on se lec ted  animals from each group a f t e r  20, 40, 80, 
and 130 doses.  The examinations included t o t a l  and d i f f e r e n t i a l  WBC, t o t a l  
RBC, and hemoglobin conten t .  No e f f e c t  on r a t s  given styrene  was found a t  
66.7 or 133 mg/kg/d; however, a t  400 mg/kg/d, a s l i g h t  genera l growth 
depression and s l i g h t  l i v e r  and kidney weight depressions were reported . 
These e f f e c t s  were more pronounced when 667 mg/kg/d was adminis te red [162],

In 1968, Gut [163] reported  s tud ie s  of the behaviora l  e f f e c t s  of styrene 
on r a t s .  Using spontaneous motor a c t i v i t y  as an i n d ic a to r  of behaviora l 
e f f e c t s ,  the a c t i v i t y  of r a t s  a f t e r  s ing le  exposures to s tyrene  fo r  about 8 
hours a t  315-1,000 ppm and a f t e r  repeated exposure concen tra t ions  of 228-575 
ppm 8 hours per day, 5 days per week fo r  4-7 weeks was observed. 
Spontaneous motor a c t i v i t y  was measured by the number of movements of the 
r a t s  in a cage with p a r t i t i o n s  and doors.  All  t e s t in g  was done 8 hours 
a f t e r  styrene exposure.

Spontaneous motor a c t i v i t y  decreased a f t e r  a s ing le  exposure a t  
325 ppm. A c t iv i ty  i n i t i a l l y  decreased a f t e r  repeated s tyrene  exposures a t  
345 ppm, bu t ,  with  f u r t h e r  repeated exposures,  the e f f e c t s  of styrene 
weakened and the concen tra t ion  required  to decrease a c t i v i t y  rose to more 
than 985 ppm. Gut [163] s t a t e d  t h a t  the decreased spontaneous motor 
a c t i v i t y  may have been caused by the i r r i t a t i n g  e f f e c t s  of s tyrene  on the 
r a t s ,  because they o f ten  spent time rubbing t h e i r  eyes and nose r a th e r  than 
moving about in the cage. In 1968, Gut [164] repor ted  f u r th e r  r e s u l t s  from 
th is  experiment. After  4 weeks, s tyrene  was found to be s i g n i f i c a n t l y  
r e l a t e d  (p<0.001) to increased r e l a t i v e  l i v e r  weight in  the r a t s  exposed to 
325 ppm. However, a f t e r  7 weeks of in h a la t io n  exposure,  no s i g n i f i c a n t  
change was found in  r e l a t i v e  l i v e r  weight which Gut [164] suggested was due 
to apparent adap ta t ion  by the l i v e r  parenchyma.

In 1969, Shugaev [165] reported  LC50’ s of 2,800 ppm for  r a t s  exposed to 
s tyrene fo r  4 hours and 4,900 ppm fo r  mice exposed fo r  2 hours.  Styrene 
content  was measured in the t i s s u e s  of animals th a t  died during exposure a t  
the LC50 to est imate  l e t h a l  t i s su e  concen tra t ions .  Tissue samples (300-500 
mg) were ex t rac ted  with  10 ml of so lvent  fo r  a n a ly s i s  of s tyrene  by gas 
chromatography. Concentrat ions of styrene found in  l i v e r ,  kidney, spleen, 
p e r i r e n a l  f a t ,  and b ra in ,  expressed as mill igrams pe rcen t  of t i s su e  e x t r a c t ,  
were about 20, 15, 19, 133, and 25 mil l igrams pe rcen t ,  r e sp ec t iv e ly .  The
concen tra t ion  of s tyrene a t  the LC50 leve l  in the b ra in s  of mice th a t  died 
during exposure was 18 mg/100 ml.

In  1977, Szulinska e t  a l .  [166] exposed 2 groups of 8 male Wistar r a t s  
to s tyrene vapor fo r  24 hours a day fo r  172 days. Exposure concentra t ions  
were 0.02 and 0.16 ppm as measured using a spectrophotome t r i e  method. Blood 
counts,  blood cho l in e s te ra se  a c t i v i t i e s ,  and weights of se lec ted  organs
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(kidneys,  sp leen, and l i v e r ) ,  expressed as percentages (probably of body 
weights) were s tud ied ,  and lungs,  l i v e r ,  sp leen,  h e a r t ,  and kidneys were 
examined m icroscop ica l ly .  The i n v e s t ig a to r s  [166] described an increased 
e ry throcyte  count and a decreased hemoglobin leve l  in  the blood (n e i th e r  
s i g n i f i c a n t )  in  both groups of exposed r a t s .  There were a l so  increases  in 
l i v e r  and spleen weight percentages (no t  s i g n i f i c a n t )  fo r  the r a t s  exposed 
a t  0.02 ppm as compared to the c o n t r o l s .  The r a t s  exposed a t  0.16 ppm had 
an increased spleen weight percentage  and a decreased l i v e r  weight 
percentage ( n e i th e r  s i g n i f i c a n t )  as compared to c o n t ro l s .  No pathologic  
changes were found except  fo r  an increase  in pe r ib ronch ia l  t i s su e  in two 
r a t s  exposed a t  the higher  concen tra t ion .

In 1979, Quast e t  a l .  [167] adminis te red styrene  to Beagle hounds by 
stomach tube a t  200, 400, or 600 mg/kg/day fo r  up to 561 days. Erythrocyte  
Heinz bodies were found in  males dosed with  400 and 600 mg/kg/day, and 
sporad ica l ly  in females adminis te red 200 mg/kg/day. Other changes found 
occas ional ly  were decreased packed c e l l  volume, e ry th rocy te  counts,  
ery th rocy te  sedimentation r a t e ,  and hemoglobin l e v e l s ;  an increased 
incidence of a n iso cy tos i s  and hypochromia of e ry th rocy te s ,  hemosiderin in 
r e t i c u lo e n d o th e l i a l  c e l l s  of the l i v e r ;  and an increased number of 
h e p a to c e l lu l a r  in t r a n u c le a r  a c id o p h i l i c  c r y s t a l l i n e  in c lu s io ns .  Other blood 
elements examined were n o t  a f f e c t e d  by the a d m in is t r a t ion  of s tyrene  a t  
these doses.  The blood changes were r ea d i ly  reversed a f t e r  the 
a d m in is t r a t ion  of s tyrene  was stopped.

Body weight ,  food consumption, c l i n i c a l  chemistry r e s u l t s ,  and organ 
weights (b ra in ,  h e a r t ,  l i v e r ,  k idneys ,  and t e s t e s )  were no t  a f f e c t e d  by the 
s tyrene absorp t ion .  There were no s i g n i f i c a n t  macroscopic or microscopic 
changes except  fo r  the hepat ic  c e l l s  mentioned above, which were a t t r i b u t e d  
to the removal of a l t e r e d  red blood c e l l s .  E lec t ron  microscopy of 
pe r ip h e ra l  blood and f ixed l i v e r  t i s su e  confirmed some of the changes 
de tected  by l i g h t  microscopy [167],

In  1978, Seppalainen [168] conducted an experimental study with  r a t s  on 
the pe r ip h e ra l  nervous system e f f e c t s  of s ty rene .  Twenty young a d u l t  r a t s  
were exposed to 300 ppm of s ty rene ,  and 15 l i t t e r m a te  con tro l  r a t s  were
sham-exposed in a s im i la r  chamber with  a i r  c i r c u l a t i o n .  The r a t s  were 
exposed fo r  6 hours a day, 5 days per week fo r  up to 11 weeks. A t r a n s i e n t  
increase  in the motor conduction v e lo c i ty  of the t a i l  nerve was noted a f t e r  
6 weeks, bu t  in the comparison to c o n t ro l  r a t s  no s i g n i f i c a n t  d i f f e re nc es  
were found in  measurements taken on r a t s  exposed fo r  8 and 11 weeks.

In 1979, in another  F inn ish  study, Vainio e t  a l .  [169] reported on
styrene in h a la t io n  in r a t s .  For ty  a d u l t  male Wistar r a t s  were 
in t e r m i t t e n t l y  exposed fo r  11 weeks to 300 ppm of styrene 6 hours d a i ly ,  5 
days per week in a dynamic exposure chamber of 1 cubic meter.  The s tyrene 
concen tra t ion  in the chamber a i r  was continuously monitored by in f ra red
a n a ly s i s .  The exposed animals e xh ib i ted  microscopic l i v e r  a l t e r a t i o n s  a f t e r  
2 weeks, c o n s i s t in g  of parenchymal hydropic degeneration , i n t r a c e l l u l a r
vacuo l iza t ion  ( s t e a t o s i s ) ,  and congest ion.
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The Chemical Manufacturers Assoc ia t ion  sponsored a two-year study [170] 
th a t  was f in a l i z e d  in  1980 on s tyrene adminis tered in the dr inking water of 
a lb ino  r a t s .  Styrene was provided continuously in the dr ink ing water a t  
intended concen tra t ions  of 125 and 250 ppm. The approximate da i ly  styrene 
consumption was estimated to have been, in mg/kg of body weight ,  7.7 and 14 
fo r  the low- and high-dose males,  r e s p e c t iv e ly ,  and 12 and 21 fo r  the 
low-and high-dose females,  r e s p e c t i v e ly .  I n i t i a l l y ,  there  were 50 males and 
70 females in each group rece iv ing  s tyrene  and 76 males and 106 females as 
un t rea ted  c o n t ro l s .  The study [170] concluded th a t  the two-year
adm in is t r a t ion  of styrene  in the dr ink ing water of r a t s  a t  these dosage 
leve ls  r e s u l t e d  in no gross or h i s t o l o g i c a l  changes. This conclusion was
based on eva lua t ion  of data  on m o r t a l i ty ,  body weight gain ,  food and water
consumption, hemograms, c l i n i c a l  chemis try,  u r i n a l y s i s ,  c l i n i c a l  signs 
( inc lud ing  ophthalmologic obse rva t ions ) ,  gross necropsy f ind ings  ( inc lud ing  
organ w e ights) ,  and h i s to p a th o lo g ic a l  examination of t i s su e s  taken from r a t s  
a t  in te r im and terminal s a c r i f i c e ,  as well  as r a t s  t h a t  died on study or 
were s a c r i f i c e d  in a moribund cond i t ion .  All  tumors encountered among r a t s  
dying during the course of the study or a t  the terminal s a c r i f i c e  were 
common spontaneously-occurr ing tumors of Sprague-Dawley r a t s ,  or  uncommon 
tumors th a t  a f f e c t e d  only ind iv idua l  r a t s  without regard to treatment
group. There were no apparent t r e a tm e n t - re l a t ed  increases  in tumor 
incidence . Also there  were no apparent d i f fe rences  between t r e a ted  and 
con tro l  r a t s  with  re spec t  to nontumorous les ions  encountered in the study [170].

Mutagenicity
Many s tud ie s  of the p o t e n t i a l  mutagenicity  of s tyrene  have been 

performed. Most of these have been t e s t s  wi th  microorganisms or mammalian 
c e l l  c u l tu re s  ^n v i t r o , but there  have a l so  been some in v e s t ig a t io n s  in
mammals ^n v ivo . Because of the p o s s i b i l i t y  th a t  s tyrene oxide was an 
intermediary metaboli te  of s tyrene  and the l ike l ihood th a t  t h i s  epoxide
could be mutagenic or carc inogenic ,  i t  was a lso  te s ted  fo r  mutagenicity  in 
most of these s tu d ie s .

In 1976, Vainio e t  a l .  [171] s tud ied  the mutagenic p r o p e r t i e s  of 
s ty rene ,  s tyrene  oxide, and phenylg lycol .  These substances were dissolved 
in abso lu te  e thanol ,  mixed with  agar ,  and applied to p e t r i  d i shes .  Liver 
microsomes from r a t s  th a t  had received a po lychlor inated  biphenyl (PCB) 
mixture 5 days e a r l i e r  to s t im u la te  microsomal enzyme a c t i v i t y ,  and
cofac to rs  fo r  genera tion of reduced nicot inamide adenine d inuc leo t ide  
phosphate (NADPH), were included in the agar  mixture added to some p e t r i  
dishes to t e s t  for  i n d i r e c t  mutagenic a c t i v i t y .  Salmonella typhimurium 
s t r a i n s  TA 1535, TA 1537, TA 1538, TA 98, and TA 100 were incubated on the 
p e t r i  d ishes a t  37°C for  2 days,  and r e v e r t a n t  colonies  were counted.
Reversion of S_j_ typhimurium from h i s t i d i n e  auxotrophy to prototrophy was 
used to in d ic a te  mutagenic a c t i v i t y .  Phenylglycol was no t  found to be 
mutagenic under these cond i t ions .  Styrene oxide, however, caused mutations 
in s t r a in s  TA 1535 and TA 100, the r a t e  of which was no t  increased by adding
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the microsomal p repa ra t ion .  Therefore,  s tyrene oxide was considered a 
d i r e c t  mutagen with  the e f f e c t  due to base s u b s t i t u t i o n .  The data on 
styrene were d i f f i c u l t  to i n t e r p r e t  because of s t y r e n e ' s  t o x ic i ty  to the 
organisms, a lthough i t  seemed to be mutagenic to TA 1535 and TA 100 a f t e r
metabolic a c t i v a t i o n  [171],

When d ie th y l  maleate (DEM), which deple tes  c e l l s  of cytoplasmic 
g lu ta th ione ,  or t r ich loropropane  oxide (TCPO), an i n h i b i t o r  of epoxide 
hydratase  a c t i v i t y ,  were added to the c u l tu re  media of TA 1535, only a 
s l i g h t  increase  in  the r a t e  of mutation with  styrene in  the presence of the
enzyme p repara t ion  was found. I f  s tyrene oxide were the f i r s t  metaboli te  of
s tyrene ,  ad d i t io n  of DEM or TCPO should have r e s u l t e d  in  an increase  in the 
concen tra t ion  of styrene oxide and consequently the r a t e  of mutation, 
because g lu ta th ione  dep le t ion  or hydra tase  i n h ib i t io n  should reduce the r a t e  
a t  which the epoxide i s  in ac t iv a t ed .  The authors [171] concluded th a t  a 
more d e ta i l e d  in v e s t ig a t io n  was warranted. (Epoxide hydratase  is  o f ten  
r e fe r re d  to in  var ious r ep o r t s  as epoxide hydrase; t h i s  document w i l l  
uniformly use the former name).

Other in v e s t ig a to r s  [172,173,174,175] have confirmed the mutagenicity of 
styrene oxide, bu t  have found l i t t l e  evidence th a t  s tyrene  i s  mutagenic. In 
1976, Milvy and Garro [172] t e s ted  s ty rene ,  s tyrene oxide, s tyrene glycol,  
benzyl a lcoho l ,  and mandelic,  pheny lg lyoxyl ic , benzoic ,  and hippur ic  ac ids
by the Ames t e s t  using typhimurium TA 1535, TA 1537, TA 1538, TA 98, and 
TA 100. Only styrene oxide was found to be mutagenic under the experimental 
condi tions  used [172],

In  1977, S to l t z  and Withey [173] a l so  in ves t ig a ted  the mutagenicity of 
s tyrene and styrene  oxide by the Ames t e s t .  Using typhimurium TA 1535, 
TA 1537, TA 1538, TA 98, and TA 100 and a l i v e r  microsomal p repara t ion  from 
r a t s  or hamsters th a t  had been p r e t r e a te d  with a PCB, s tyrene  was not  found 
to be mutagenic,  bu t  there was a dose-dependent increase  in  the r a t e  of 
mutations of both TA 1535 and TA 100 due to s tyrene  oxide. The authors
[173] concluded th a t  styrene and s tyrene  oxide r e s u l t s  d i f f e r e d  because of a 
slow r a t e  of conversion of s tyrene  to s tyrene oxide and a very rap id  r a t e  of 
removal of styrene oxide due to the ac t ion  of epoxide hydratase  and
g lu ta th io n e -S - t r a n s fe ra se .

In 1977, Greim e t  a l .  [174] used a modified Ames t e s t  using
S. typhimurium TA 1535 and TA 1538 and E_j_ c o l i  K12, incubated with and
without  a l i v e r  microsomal p repa ra t ion  th a t  included a NADPH-generating
system, to assay the mutagenicity  of s tyrene and styrene  oxide. The
microsomal f r a c t io n  was prepared from r a t  l i v e r s  th a t  had been p re t rea ted  
with phenobarbi ta l  fo r  10 days (0.1% in dr inking water) or by a s ing le  
i n j e c t i o n  (500 mg/kg) of a PCB 4 days before s a c r i f i c i n g .  The authors [174] 
concluded th a t  styrene oxide was mutagenic bu t  s tyrene was not .

In 1976, Loprieno e t  a l .  [175] studied the a b i l i t y  of styrene  or styrene 
oxide to produce forward mutations a t  5 lo c i  in  the Schizosaccharomyces
pombe PI s t r a i n  of y e a s t  and in cu l tu red  V79 Chinese hamster c e l l s ,
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and to produce gene conversions a t  2 lo c i  in Saccharomyces c e re v l s i a e  
d ip lo id  s t r a i n  D4 y e as t .  Host-mediated assays were a l so  performed with  the 
two y e as t s .  For the in  v i t r o  s t u d ie s ,  the yeas t s  were incubated with  a 
p u r i f i e d  mouse l i v e r  microsome p repa ra t ion  together  with  NADPH and 
glucose-6-phosphate dehydrogenase. In the host-mediated assay,  male Swiss 
a lb ino mice were in je c te d  i n t r a p e r i t o n e a l l y  ( ip )  with  y e as t  c e l l s ,  and the 
animals were then t r e a ted  by gavage with  1 ml of s tyrene  or s tyrene  oxide. 
Styrene was not  a c t iv e  in producing forward mutations in S. pombe or in 
Chinese hamster V79 c e l l s  or in producing gene conversions in 
S. c e r e v i s i a e . In the host-mediated assay,  s tyrene  produced gene 
conversions in S^ c e r e v i s i a e , bu t  was unable to increase  spontaneous forward 
mutation frequency in S. pombe. As the in v e s t ig a to r s  [175] pointed out ,  
th is  ^n vivo mutagenic e f f e c t  of styrene was produced with  a very high dose 
of s tyrene ,  i . e . ,  1 g/kg. Styrene oxide was a c t iv e ,  i . e . ,  mutagenic, in  a l l  
systems te s ted  except with  S. pombe in the host-mediated assay.

Late r  in 1978, Loprieno e t  a l .  [176] inves t ig a ted  the a b i l i t y  of styrene 
or s tyrene  oxide to induce (1) po in t  mutations in typhlmurlum TA 1535 and 
in Chinese hamster c e l l s  wi th  and without metabolic a c t i v a t i o n ,  (2) 
unscheduled DNA synthes is  in he te rop lo id  human c e l l s ,  and (3) chromosomal 
changes in mouse bone marrow c e l l s .  Styrene was no t  mutagenic with  TA 1535, 
with or without a c t i v a t i o n  with  an S9 mix. Styrene oxide, however, was 
mutagenic and a f t e r  a c t i v a t i o n  i t  was even more so. Styrene was s im i la r ly  
in e f f e c t iv e  in the induction of 8-azaguanine r e s i s t a n t  mutants in V79 
Chinese hamster c e l l s ,  whether or no t  a c t iv a te d  by an S10 metabolic 
a c t i v a t i o n  system from mouse l i v e r .  Only s tyrene oxide, and no t  s tyrene ,  
each a c t iv a te d  by an S10 mix, was able  to increase  incorpora t ion  of 
t r i t i a t e d  thymidine above background in to  the DNA of the he te rop lo id  human 
c e l l s  in the presence of an i n h i b i t o r  of DNA synthes is  (hydroxyurea);  thus, 
by th i s  t e s t  of unscheduled DNA sy n thes i s ,  s tyrene  oxide bu t  no t  styrene was 
found to be mutagenic. Styrene or s tyrene  oxide was in tubated in to  male and 
female mice and, a f t e r  the mice were s a c r i f i c e d  24 hours l a t e r ,  bone marrow 
c e l l  p repara t ions  were made. Styrene oxide but  no t  styrene  caused a 
s t a t i s t i c a l l y  s i g n i f i c a n t  increase  in chromosomal a b e r r a t io n s .  P o s i t iv e  
con tro l s  used in these t e s t s  of mutagenicity showed the t e s t  systems to be 
e f f e c t i v e .  Thus, in th i s  in v e s t ig a t io n  of mutagenicity  in  severa l  t e s t  
systems, styrene oxide was c o n s i s t e n t ly  found by Loprieno e t  a l .  [176] to be 
mutagenic, while s tyrene was not .

In 1978, a r e p o r t  by Roberfroid e t  a l .  [177] contained data which 
demonstrated th a t  s tyrene lowered the Michaelis cons tan t  of the enzyme a ry l  
hydrocarbon hydroxylase in Wistar r a t s  in a manner s im i la r  to th a t  of 
benzo(a)pyrene and 3-methylcholanthrene, both of which the in v e s t ig a to r s  
considered to be mutagenic and carc inogenic .  Styrene caused only about 50 
revers ions  per p l a t e  among Ŝ _ typhimurlum TA 1538, while there  were about 20 
spontaneous revers ions .  In comparison, benzo(a)pyrene caused about 180 
revers ions  among the same s t r a i n ,  thus suggesting once again t h a t  s tyrene i s  
not more than weakly mutagenic [177]. E a r l i e r ,  i n v e s t ig a to r s  from th is  
laboratory  [178] had found s tyrene no t  to be mutagenic to S. typhimurium 
s t r a i n s  TA 98, TA 100, TA 1535, TA 1537, or TA 1538, except th a t ,  in the
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presence of S9 mix (microsomal enzymes), a revers ion  to h i s t i d i n e  
prototrophy was observed with  TA 1535 only,  suggest ive of a 
b a s e - s u b s t i t u t i o n  type of mutation.  Styrene oxide caused h i s t i d i n e
prototrophy in TA 100 and TA 1535 with  or without S9 mix, bu t  did no t  cause
mutations in TA 98, TA 1537, or TA 1538.

In 1978, Linnainmaa e t  a l .  [179] s tudied the e f f e c t  of s tyrene  and 
s tyrene oxide on chromosomes from human lymphocytes. Styrene was incubated 
with  a lymphocyte p repara t ion  fo r  72 hours,  and s tyrene oxide fo r  a shor te r  
time. A t o t a l  of 100 metaphases or 100 anaphases were examined a t  each 
concen tra t ion  of s tyrene or styrene  oxide fo r  cytogenet ic  a b e r r a t io n s ,  and
1,000 in terphase  nuc le i  were examined fo r  the presence of micronuclei  and 
nuclear  b r idges .

Styrene mainly caused chromosome breaks (19 breaks/100 metaphases, 
p<0.001); styrene oxide was p r im ar i ly  respons ib le  fo r  the formation of
micronuclei  and nuclear  br idges (38 m ic ron uc le i /1,000 in te rphase  c e l l s ,
p<0.001). Linnainmaa e t  a l .  [179] suggested th a t  im pur i t ie s  in the styrene 
prepara t ion  might have been respons ib le  fo r  the r e s u l t s  t h a t  d i f f e re d  from 
those of s tyrene oxide. They reported  th a t  the styrene contained 0.60 ppm 
ethylbenzene, 0.75 ppm alpha-methyl s ty rene ,  and 0.50 ppm styrene  oxide, but 
did no t  t e s t  a l l  of these contaminants fo r  mutagenic ity .  The in v e s t ig a to r s  
[179] specula ted th a t  the chromosome breaks they observed were due to 
formation of s tyrene oxide or poss ib ly  to the presence of the a l leged  
metaboli te  [160,180] s ty rene -3 ,4 -ox ide .

In  a l a t e r  study by th i s  same group in 1980, Norppa e t  a l .  [181] found 
th a t  s tyrene and s tyrene oxide showed a c l e a r  dose-response r e l a t io n s h ip  in 
the induction of s i s t e r  chromatid exchanges (SCE) in  human whole blood 
lymphocyte c u l t u r e s .  To f ind  out whether the p o t e n t i a l  of s tyrene  to induce 
SCE was accompanied by metabolic conversion to styrene  oxide, gas 
chromatographic analyses were c a r r i e d  out in human lymphocyte c u l tu re s  a f t e r  
0.5 ,  2, 6, and 24 hours a f t e r  treatment  with  s tyrene and s tyrene  oxide. In 
the s t y r e n e - t r e a t e d  c u l t u r e s ,  the r a t i o  of s tyrene oxide to s tyrene was 
p rogress ive ly  increased with incubat ion time. In  s t y r e n e - t r e a te d  con tro l  
c u l tu re s  without blood, there was no increase  of s tyrene  oxide. In  the 
styrene o x ide - t re a te d  c u l t u r e s ,  the amount of s tyrene  oxide gradually  
decreased with  incubat ion time. The in v e s t ig a to r s  [181] concluded tha t  
styrene oxide could be formed from styrene  in human c e l l s  bu t  t h a t  i t  was 
not  c l e a r  which c e l l s  in human blood were respons ib le  fo r  the metabolic 
a c t i v a t i o n  of s tyrene .

In 1978, De Raat [182] t e s ted  the a b i l i t y  of s tyrene  and i t s  presumed 
metaboli te  s tyrene oxide to induce SCE in Chinese hamster ovarian c e l l s  with  
and without  metabolic a c t i v a t i o n .  Styrene oxide appeared to be a po ten t  
inducer of SCE. Styrene in doses up to 1.0 ml/1 did no t  increase  the number 
of SCE per metaphase, even with  metabolic a c t i v a t i o n .  Induct ion of SCE by 
s tyrene in the presence of metabolic  a c t i v a t i o n  only occurred when 
cyclohexene oxide was used as an i n h i b i t o r  of the enzyme epoxide hydratase .  
De Raat [182] in te rp r e t e d  the lack of induction of SCE by s tyrene  in  the

99



presence of metabolic a c t i v a t i o n  as being caused by a very rap id  
b io transformat ion  of s tyrene  oxide, c l e a r l y  a compound th a t  induces SCE, 
r a th e r  than s tyrene  no t  being converted to i t s  oxide.

There i s  some in vivo experimental evidence in rodents  and f l i e s  th a t  
styrene i t s e l f  can cause muta tions .  In 1980, Conner e t  a l .  [183] exposed
3-4 mice fo r  6 hours per day to s tyrene  vapor concen tra t ions  ranging from 
104-922 ppm fo r  4 days and a t  920 ppm fo r  1 and 2 days. An increased SCE 
frequency was found in regenera t ing  l i v e r  c e l l s ,  in bone marrow c e l l s ,  and 
in  a lv e o la r  macrophages. Some of the mice had two-th i rds  of t h e i r  l i v e r  
removed su rg i c a l l y  a day p r io r  to the f i r s t  exposure. On the l a s t  day of 
s tyrene  exposure,  the mice were in je c te d  with  5-bromodeoxyuridine; on the 
following morning, they were in je c te d  with  co lch ic ine  and s a c r i f i c e d  severa l 
hours l a t e r .  The SCE frequencies  in regenera t ing  l i v e r  c e l l s ,  bone marrow 
c e l l s ,  and a lv e o la r  macrophages of hepatectomized mice exposed to s tyrene a t  
387, 591, and 922 ppm for  4 days and in bone marrow c e l l s  and a lv e o la r
macrophages from nonhepatectomized mice exposed to s tyrene  a t  591 and 922 
ppm for  4 days were s t a t i s t i c a l l y  g re a t e r  (p<0.05) than those in the 
c o n t ro l s .  There was a l so  a s i g n i f i c a n t  increase  (p<0.001) in c e l l  frequency 
in  regenera t ing  l i v e r ,  bone marrow, and a lv e o la r  macrophage c e l l s  from both 
hepatectomized and nonhepatectomized mice exposed fo r  2 days a t  922 ppm but 
no t  in those exposed fo r  1 day a t  t h a t  concen tra t ion .

In  1980, Meretoja e t  a l .  [184] found c la s togen ic  e f f e c t s  in bone marrow 
c e l l s  of r a t s .  Male r a t s  were exposed to styrene  vapor a t  300 ppm for  6 
hours per day, 5 days per week, fo r  2-11 weeks. Animals were s a c r i f i c e d  
weekly, and bone marrow t i s su e  was taken from the femur. A t o t a l  of 100 
metaphases per animal were examined fo r  aneuploidy and chromosomal 
a b e r r a t io n s .  A s i g n i f i c a n t  increase  in chromosomal a b e r r a t io n s  appeared 
a f t e r  9 weeks of exposure.  Most of the ab e r ra t io n s  were chromosomal breaks,  
but there  were a l so  a few chromatid breaks.  The incidence of a b e r r a n t  c e l l s
was 8-12% in exposed animals and 1-6% in c o n t ro l s .  Polyploid c e l l s  were
found in every sample p re pa ra t io n  from the r a t s  exposed to s tyrene  fo r  11 
weeks.

However, in another  in v e s t ig a t io n  by these r e s ea rch e r s ,  publ ished in 
1980 by Norppa e t  a l .  [185],  s tyrene  was not  found to cause c la s togen ic  
e f f e c t s  in bone marrow c e l l s  of hamsters.  Male Chinese hamsters,  3-4 months 
old,  were exposed to s tyrene  vapor a t  300 ppm for  6 hours per day. One 
group of 4 hamsters was exposed fo r  4 days, the o ther  group of 4 was exposed 
5 days per week fo r  3 weeks. The in v e s t ig a to r s  [185] analyzed 100 bone
marrow metaphases from each animal fo r  chromosome or chromatid abe r ra t ion s  
and gaps. No s i g n i f i c a n t  d i f fe rence  from con t ro l s  was found in e i t h e r  
styrene-exposed group. The e f f e c t  of e thanol ,  alone and with  s ty rene ,  was 
a l so  s tud ied .  Animals rece iv ing  both 300 ppm of s tyrene  and ethanol (15% 
v/v  in dr ink ing water,  ad l ib i tum) fo r  4 days had s i g n i f i c a n t l y  more
chromosomal a b e r r a t io n s ,  no t  including gaps, than did c o n t ro l s  or hamsters 
adminis tered only s ty rene ,  bu t  no t  more than hamsters given only e thanol .  
The incidence of gaps was not  s i g n i f i c a n t l y  d i f f e r e n t  among the groups.  No 
s i g n i f i c a n t  d i f f e rences  among the severa l  groups t r e a t ed  fo r  3 weeks were 
found, e i t h e r  in a b e r r a t io n s  or in  gaps [185],
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In  vivo in h a la t io n  exposure of male Chinese hamsters to s tyrene  oxide 
(25, 50, 75, and 100 ppm) was reported  in 1979 by these same in v e s t ig a to r s  
(Norppa e t  a l .  [186]) to have no e f f e c t s  on chromosomal a b e r r a t io n  r a t e s  or 
f requencies  of SCE in bone marrow c e l l s .  The only p o s i t i v e  response in 
chromosome a b e r r a t io n  frequency was obtained when s tyrene  was in je c te d  ip in 
a l e t h a l  concen tra t ion  (500 mg/kg body weight);  1 of 6 hamsters showed 
s l i g h t l y  e levated  values  of SCE a f t e r  th i s  high dose.

In  1979, Donner e t  a l .  [187] reported  th a t  s tyrene  and styrene oxide 
caused recess ive  l e th a l  mutations in  f r u i t  f l i e s .  Drosophila melanogaster 
were exposed to styrene oxide vapor a t  200 ppm fo r  6 hours per day fo r  4 
days,  or to s tyrene  by being fed fo r  24 hours on t i s su e  paper moistened with  
10 ml of a so lu t io n  conta in ing s tyrene  a t  200 ppm in  1% aqueous sucrose.  
The f r u i t  f l i e s  were p re t r e a t e d  e i t h e r  with  phénobarb i ta l ,  to induce 
metaboliz ing enzymes, or ,  in  the case of f l i e s  exposed to s tyrene  oxide, 
wi th  tr ich loropropane  oxide (TCPO), to i n h i b i t  epoxide hydra tase .  Both 
styrene and styrene oxide produced a s i g n i f i c a n t  increase  in  recess ive  
l e th a l  mutations .  Neither  p re t rea tm en t  showed mutagenic potency, bu t  the 
frequency of recess ive  l e th a l  mutations from styrene  or styrene  oxide was 
doubled by phénobarbi ta l  p re t rea tm en t ;  a l s o ,  in f r u i t  f l i e s  exposed to 
styrene oxide, p re t rea tm en t  by an epoxide hydra tase  in h ib i t o r  (TCPO) 
increased the mutation r a t e  about two-fold over t h a t  caused by s tyrene  oxide 
alone [187],

Reproductive E f fe c ts
There have been a number of experimental animal s tud ie s  in v e s t ig a t in g  

poss ib le  reproduct ive  e f f e c t s  of exposure to s ty rene .  In 1977, Vainio e t  
a l .  [188] in v es t ig a ted  the t o x ic i ty  of s tyrene  and s tyrene  oxide toward 
chicken embryos from White-Leghorn SK12 chickens.  Various amounts of the 
compounds in 50 y 1 of an o l ive  o i l - e t h a n o l  mixture were in je c te d  in to  the 
a i r  sacs of the eggs.  For con t ro l  purposes,  50 y l  of the o l ive  
o i l - e th a n o l  veh ic le  were in je c te d  in to  o ther  eggs.

Af te r  incubat ion fo r  14 days a t  37°C, 80-90% of the con t ro l  embryos were 
a l i v e ,  but no embryos survived t h a t  had received 100 ymol of s ty rene .  Of 
those embryos th a t  received 50 ymol of s ty rene ,  only 30% survived;  wi th  2 
ymol, 90% survived.  Malformations were found in about 15% of the embryos 
th a t  had received s tyrene and in  about 7% of those t h a t  had received styrene 
oxide. Vainio e t  a l .  [188] determined t h a t  the embryos were most 
su scep t ib le  to the toxic e f f e c t s  of s tyrene  and styrene oxide on the day o f ,  
and the day a f t e r ,  the beginning of incubat ion.

In  1974, Zlobina e t  a l .  [189] reported  s tud ies  of s tyrene  concen tra t ions  
in r a t  maternal  and f e t a l  blood and in amniotic f l u i d  a f t e r  a 2-hour 
exposure to styrene vapor (3.6 or 10 ppm). P la ce n ta l  s tyrene  concentra t ions  
were no t  determined. The r e s u l t s  p resented  in Table Iv-22 demonstrate th a t  
styrene can cross  the p lacen ta .
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TABLE I V - 22

CONCENTRATION OF STYRENE IN MATERNAL BLOOD, FETAL BLOOD, 
AND AMNIOTIC FLUID IN 18- TO 21-DAY RAT FETUSES

S tyrene 
Exposure

Styrene Concentrat ion, Ug/ml

Maternal Blood F e ta l  Blood Amniotic Fluid

10 ppm 10.95-12.25 8-8.8 2.35-2.8
3.6 ppm 1.07-2.62 0.9-1 .65 1.25-1.8

Adapted from Zlobina e t  a l .  [189]

In 1974, Ragul 'ye [190] repor ted  the e f f e c t s  of maternal styrene
in h a la t ion  exposures on the development of the embryo. In one study, 23 
pregnant a lb ino  r a t s  were exposed a t  1.2 or 12 ppm of s tyrene  fo r  4 hours 
per day throughout g e s t a t i o n  (21 days);  there was a con t ro l  group of 15 
r a t s .  Numbers of l ive  embryos, s t i l l b i r t h s ,  r e so rp t io n s ,  and implantat ion
s i t e s ,  together  with embryo m o r t a l i t y ,  p re -  and pos t - im p lan ta t ion  deaths ,  
and embryo weight and s ize  were s tud ied .  In a d d i t io n ,  RBC, WBC, hemoglobin, 
oxygen consumption, and r e s p i r a to r y  r a t e  of the dams were measured on the 
15th to 17th day of g e s ta t io n  and compared to pre-exposure f ind ings .

Maternal exposure to styrene  a t  12 ppm s i g n i f i c a n t l y  increased
p re - im plan ta t ion  loss  (20.7 vs .  3.6 in con t ro l s )  as well  as t o t a l  embryo 
m or ta l i ty  (25.2 vs.  15.5 in c o n t r o l s ) ;  no s i g n i f i c a n t  changes were found in 
the o ther  ind ices .  No s i g n i f i c a n t  changes in any indices  s tudied  were found 
in the r a t s  exposed a t  1.2 ppm. There was no pa tho log ica l  embryo
development observed in e i t h e r  experimental group. Ragul 'ye [190] a lso  
reported  a s i g n i f i c a n t  increase  in d e a t h s / l i t t e r  during the f i r s t  2 weeks of 
l i f e  (1.66 and 0.6 in the r a t s  exposed a t  12 and 1.2 ppm, re s p e c t iv e ly ,  vs.  
0 in  the c o n t r o l s ) .

Ragul 'ye [190] a l so  exposed 10 pregnant  r a t s  to s tyrene  a t  1.2 ppm and 
10 o ther  pregnant r a t s  a t  0.4 ppm for  4 hours per day fo r  21 days (the  
e n t i r e  g e s ta t io n  pe r iod ) .  At the same concen tra t ions ,  two o ther  groups of 
10 pregnant r a t s  each were exposed, bu t  only during the f i r s t  7 days of 
g e s ta t io n .  Twenty pregnant r a t s  served as c o n t r o l s .  All  r a t s  were 
s a c r i f i c e d  on the 21s t day of g e s t a t i o n .
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In  the r a t s  exposed fo r  the e n t i r e  g e s ta t io n  per iod ,  the r a t e  of 
resorptions/dam was 0.2 fo r  those exposed a t  0.4 ppm, 1.3 fo r  those exposed 
a t  1.2 ppm, and 0 fo r  the con t ro l  group. There was a l so  a higher  r a t e  of 
resorptions/dam (0.66) found in r a t s  exposed a t  1.2 ppm fo r  the f i r s t  7 days 
of g e s t a t i o n ,  with  none in the con t ro l  group. Other s i g n i f i c a n t  r e s u l t s  
included an increased embryonic m o r ta l i ty  in l i t t e r s  of dams exposed a t  
1.2 ppm fo r  the e n t i r e  g e s ta t io n  period (12.8% vs.  2.5%), an increased 
number of p re - im plan ta t ion  deaths a t  exposures to 1.2 and 0.4 ppm for  the 
e n t i r e  g e s ta t io n  per iod and during the f i r s t  7 days, an increased number of 
pos t - im plan ta t ion  deaths in both groups exposed fo r  the e n t i r e  g e s ta t io n  
per iod ,  and a decreased embryo s ize  and weight among r a t s  exposed a t  1.2 ppm 
for  the e n t i r e  g e s ta t io n  period [190]. All  l i t t e r s  examined appeared to 
have been f i r s t  l i t t e r s .

Ragul 'ye [190], who did n o t  s t a t e  the l eve ls  of s t a t i s t i c a l  
s ig n i f i c a n c e ,  gave no data o ther  than means and an undescr ibed index of 
v a r i a t i o n .  The de sc r ip t io n  of how pre - im plan ta t ion  and t o t a l  embryo losses  
were measured was no t  given; however, observation  of corpora lu tea ,  
re so rp t io n  s i t e s ,  and t o t a l  b i r t h s  seems the obvious method. Had the data or 
a d e sc r ip t io n  of methods been given, i t  would be poss ib le  to be more c e r t a in  
of the meaning of t o t a l  embryo m o r ta l i ty ;  most l i k e ly ,  th i s  term was used to 
mean a t o t a l  of p re -  and pos t - im p lan ta t ion  lo sses .  (The word t r a n s l a te d  as 
embryo is  in t e rp r e t e d  to have been appl ied  to a l l  s tages  of p rena ta l  
development, from b l a s to c y s t  through f e t u s . )

In 1979, Vergiyeva e t  a l .  [191] studied embryo to x ic i ty  in r a t s  in an 
i n v e s t ig a t io n  designed a t  l e a s t  in p a r t  to check on the r e s u l t s  of Ragul'ye
[190]. Three groups of pregnant  r a t s  were exposed to styrene  vapor 4 hours 
per day, 5 days per week. Groups I  and I I  were exposed a t  47 ppm on days 
2-21 of g e s t a t i o n ;  group I I I  was exposed a t  165 ppm on days 2-16 of 
g e s ta t io n .  Progeny from dams of groups I  and I I I  were observed fo r  90 days 
a f t e r  b i r t h .  Dams from group I I  were s a c r i f i c e d  on the 21st day; maternal 
weights,  numbers of corpora lu t e a ,  r e so rp t io ns  and a u t o l y s i s ,  the number and 
weights of l ive  pups, and s t r u c t u r a l  anomalies were recorded.

There were no changes from con t ro l s  in the experimental animals as to
the course ,  dura t ion ,  and outcome of pregnancies or in ind ices  such as 
im planta t ions ,  re so rp t io n s ,  and l iv e  and s t i l l  b i r t h s .  Dams and progenies 
kep t  fo r  90 days a f t e r  b i r t h  did no t  d i f f e r  s i g n i f i c a n t l y  from con tro ls  in 
hemoglobin and RBC, in hexobarb i ta l  sl eeping time one month a f t e r  b i r t h ,  or 
in behaviora l  t e s t s  c o ns i s t ing  of an open f i e l d  t e s t  and a measured reac t ion  
to loud no ise .  Methods of studying s t r u c t u r a l  anomalies were n o t  described, 
bu t  the in v e s t ig a to r s  [191] s t a t e d  none were found in e i t h e r  con t ro l s  or 
Group I I  progeny.

Vergiyeva e t  a l .  [191] gave a few more d e t a i l s  of methods and r e s u l t s
than did Ragul 'ye [190] and, e sp e c ia l ly  because i t  described exposures of 
r a t s  a t  higher  concen tra t ions  without  evidence of embryotoxici ty ,  th i s  study 
i s  taken as r e f u t in g  the im pl ica t ions  of embryotoxicity found a t  low
concen tra t ions  of s tyrene in the e a r l i e r  r e p o r t  [190].
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In 1978, Murray e t  a l .  [192] inves t ig a ted  pos s ib le  s tyrene 
t e r a to g e n ic i ty  in r a t s  and r a b b i t s .  Groups of 29 or 30 Sprague-Dawley r a t s  
and 20 New Zealand white r a b b i t s  were exposed to s tyrene  vapor fo r  7 hours 
per day from day 6 of pregnancy through day 15 ( r a t s )  or day 18 ( r a b b i t s ) .  
Exposure leve ls  were 0, 300, or 600 ppm styrene .  In a d d i t io n ,  o ther  r a t s  
were in tubated  with styrene in peanut o i l  a t  0, 90, or 150 mg/kg twice da i ly  
on days 6 through 15 of g e s t a t i o n .  There were no s i g n i f i c a n t  changes 
(p<0.05) in the exposed animals as compared with  c o n t ro l s  during ges ta t ion  
except fo r  a reduced weight gain on days 6 through 9 of g e s t a t i o n  in r a t s  
( in h a la t i o n  and gavage treatments )  a ssoc ia ted  with  a decreased food 
consumption, and increased water consumption on days 9 through 20 of 
g e s ta t io n  by r a t s  ( in h a la t i o n  t rea tment) .  Dams were s a c r i f i c e d  j u s t  p r io r  
to expected de l ivery ,  and fe tuses  were examined. There was a s t a t i s t i c a l l y  
s i g n i f i c a n t  increase  (p<0.05) in f e t a l  crown-rump length in l i t t e r s  from 
r a t s  exposed a t  300 ppm but  no t  a t  600 ppm. Mean crown-rump length of 
in tubated  r a t s  was s im i la r  to th a t  of c o n t ro l s .  Ex terna l ,  v i s c e r a l ,  and 
s k e le t a l  malformations did no t  s i g n i f i c a n t l y  d i f f e r  in incidence from 
matched or h i s t o r i c a l  c o n t ro l s .  There were no s i g n i f i c a n t  changes (p<0.05) 
seen in r a b b i t s  except fo r  the incidence of unoss i f i ed  f i f t h  s ternebrae  
among l i t t e r s  from ra b b i t s  exposed a t  600 ppm; however, th i s  incidence was 
s im i la r  to th a t  seen in con tro l  groups from other  r e c e n t  s tu d ie s .  Because 
of th i s  and because the change in r a t  f e t a l  si ze  a t  300 ppm was not  
dose - re la ted  and the incidence of s k e l e t a l  changes in  r a t s  were not  
d i f f e r e n t  from c o n t ro l s ,  i t  seems inapp ro p r ia te ,  from the evidence in th i s  
study, to draw conclus ions th a t  s tyrene is  te ra togen ic  or otherwise 
embryotoxic a t  these le ve ls .

In 1980, Kankaanpaa e t  a l .  [193] exposed pregnant  BMR/T6T6 mice and 
Chinese hamsters to s tyrene vapor and examined poss ib le  changes in f e t a l  
development. Pregnant mice were exposed a t  250 ppm fo r  6 hours per day on 
days 6 through 16 of g e s t a t i o n ,  and were s a c r i f i c e d  fo r  examination of 
fe tuses  a f t e r  the day 16 exposure.  Chinese hamsters were exposed 6 hours 
per day on days 6 through 18 of g e s t a t i o n ,  bu t  the exposure concen tra t ions  
were 300, 500, 750, or 1,000 ppm. There were no s i g n i f i c a n t  d i f fe rences  in 
r a t i o s  of l ive  fe tuses  to t o t a l  l i t t e r  s i z e ,  in  numbers of dead or resorbed 
fe tu se s ,  or in numbers of malformed fe tuses  in e i t h e r  spec ies ,  except th a t  
there  was a s i g n i f i c a n t  excess (p<0.001) of dead or resorbed fe tuses  from 
hamsters exposed a t  1,000 ppm and there  was a n o n s ig n i f i c a n t  excess of dead 
or resorbed fe tuses  from mice. There were a l so  more malformations ( r i b  
fusion and ex t ra  r ib s )  in exposed mice, bu t  the s t a t i s t i c a l  s ign i f i cance  was 
not described.  This study [193] suggests ejinbryotoxicity a t  high exposure 
l e v e l s ,  but i s  c o n s i s te n t  with  r e s u l t s  of o ther  s tud ie s  [190,191,192] in 
f a i l i n g  to f ind  a s i g n i f i c a n t  excess of t e r a t a  from s tyrene  exposure.

A r ep o r t  [170] of a th ree -gene ra t ion  reproductive  study on styrene 
adminis tered in the dr inking water of r a t s  was f i n a l i z e d  in 1980. I t  was 
p a r t  of the study sponsored by the Chemical Manufacturers Associa t ion  th a t  
was discussed e a r l i e r  in the Toxic i ty  S ec t ion . At l e a s t  10 males and 20 
females (F0 generation)  from each group of the chronic study (those dosed a t  
125 or 250 ppm, and con t ro l s )  were mated to produce Fl pups. At breeding
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age, the FI r a t s  were mated w i th in  t h e i r  respec t ive  dose groups to produce 
F2 l i t t e r s ,  and these r a t s  in  turn produced F3 pups. Styrene treatment  in 
dr inking water was maintained throughout.

The r e p o r t  of the study [170] concluded th a t  s tyrene adminis te red in the 
dr inking water had no d e le te r io u s  e f f e c t s  on the reproduct ive  capac i ty  of 
r a t s  through three genera t ions .  The conclusion was based on eva lua t ion  ( fo r  
each genera t ion  of each dose group) of f e r t i l i t y  in d ices ,  mean l i t t e r  s i z e ,  
l i v e - t o - t o t a l  pup r a t i o s ,  pup su rv iva l  indices  a t  i n t e r v a l s  from b i r t h  to
weaning, l i v e r  and kidney weights of r ep re se n ta t iv e  pups necropsied a t  
weaning, cytogenet ic  eva lua t ion  of bone marrow samples of o ther  weanlings,  
and gross necropsy of Fl and F2 p a ren t s ,  including organ weights.  In 
a d d i t io n ,  h i s top a tho lo g ic  examinations were made of l i v e r  and kidneys of
weanlings and of t i s su e s  of r ep re se n ta t i v e  F l  and F2 pa ren t s .

In 1981, Sikov e t  a l .  [194] assessed the te ra togen ic  e f f e c t s  of s tyrene 
oxide in h a la t io n  on r a t s  and r a b b i t s .  Rats were exposed to 100 or  300 ppm 
for  7 hours per day, 5 days per week for  3 weeks before being mated and 
exposed da i ly  through 19 days of g e s ta t io n .  Rabbits  were a r t i f i c i a l l y  
inseminated and exposed fo r  7 hours da i ly  through the 24th day of g e s ta t io n .  
The r a t s  were s a c r i f i c e d  a t  the 21s t  day of g e s ta t io n  and the r a b b i t s  a t  the 
30th day of g e s ta t io n .  Pregnant animals were examined fo r  toxic  changes 
including a l t e r e d  t i s su e  weights and h i s to p a th o lo g ic a l  e f f e c t s .  L i t t e r s  
were examined fo r  embryotoxicity and l iv e  fe tu se s  were examined for  
e x te rn a l ,  v i s c e r a l ,  and s k e l e t a l  malformations. There was extensive
m or ta l i ty  in  r a t s  t h a t  received prolonged exposure to 100 ppm styrene oxide, 
and 300 ppm was so rap id ly  l e th a l  t h a t  exposures were terminated . Lower 
concen tra t ions  (15 and 50 ppm) were used fo r  exposure of the r a b b i t s ;  50 ppm 
styrene  oxide produced 79% m o r ta l i ty .  Ges ta t iona l  exposure appeared to 
decrease fecundity  by increas ing  loss  of embryos before implantat ion  in 
r a t s ,  and tended to increase  the incidence of re so rp t io ns  in r a b b i t s .  In 
both spec ies ,  f e t a l  weights and lengths  were reduced by ge s ta t io n a l  
exposure.  The incidence of o s s i f i c a t i o n  de fec ts  of the s te rnebrae  and
o c c i p i t a l  bones was increased by g e s t a t i o n a l  exposure of r a t s  to styrene 
oxide [194].
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Carcinogenici ty
There have a been a number of experimental animal s tud ie s  in v es t ig a t in g  

the long-term e f f e c t s  of s ty rene .  In  1978, Je rsey  e t  a l .  [195] conducted an 
in h a la t io n  study of male and female Sprague-Dawley r a t s  exposed a t  600 or 
1,200 ppm, the higher concen t ra t ion  being reduced to 1,000 ppm a f t e r  2 
months because of excess ive to x i c i t y  in the male r a t s .  Male r a t s  were 
exposed fo r  more than 18 months and female r a t s  fo r  almost 21 months. 
Exposure per iods  were 6 hours per day, 5 days per week. All  su rv ivors  were 
s a c r i f i c e d  fo r  necropsy a t  24 months. There were reduced weight ga ins in a l l  
exposed groups of r a t s  except in  females exposed a t  600 ppm. Female r a t s  a t  
the higher  concen t ra t ion  had increased l i v e r  weights and a h igher  incidence 
of a lv e o la r  h i s t i o c y t o s i s  in t h e i r  lungs. Male r a t s  in  the con t ro l  group 
and those exposed to styrene a t  the higher  concen tra t ion  had excessive 
m o r ta l i ty  from an I n t e r c u r r e n t  d i s e a se ,  chronic murine pneumonia. There was 
no evidence of tumors in the male r a t s  a t t r i b u t a b l e  to the exposure 
regimen. The female r a t s  in both  exposure groups had an increase  (though 
not  s i g n i f i c a n t )  in  the combined frequency r a t e  of tumors in  the leukemia 
and lymphosarcoma c l a s s i f i c a t i o n s .  The in v e s t ig a to r s  [195] be l ieved th a t  the 
exposure concen tra t ions  used overwhelmed the a b i l i t y  of the r a t s  to de toxify 
s ty rene ;  because of t h i s ,  the high incidence of spontaneous d i sea se ,  and the 
equivocal r e s u l t s ,  they recommended t h a t  a new study be i n i t i a t e d .

In 1978, Ponomarkov and Tomatis [196] in ves t iga ted  the long-term e f f e c t s  
of styrene in 020 and C57 Bl mice and BD IV r a t s .  Styrene dissolved in 
o l ive  o i l  was adminis tered by stomach tube; o ther  groups of mice and r a t s  
were given only o l ive  o i l ,  and o thers  were no t  t r e a t ed .  A l l  animals were 
fed a commercial food p repara t io n  t h a t  had been analyzed fo r  a f l a to x in s ,  
which were absent ,  and n i t ro sa m in e s , which were p re sen t  a t  0 .2 -0 .6  ppb.

Each of 29 pregnant 020 mice was adminis tered 1,350 mg s tyrene/kg on the 
17th day of g e s ta t io n .  Nine o ther  pregnant females were given 0.1 ml of 
o l ive  o i l  only on the same day. A f te r  weaning, t h e i r  progeny received the 
same dose once a week; t reatment with  s tyrene was stopped a f t e r  16 weeks 
because of the t o x ic i ty  of s ty rene .  Offspr ing (54 male and 47 female mice) 
of un t rea ted  dams received no t reatment [196],

For 020 mice, pre-weaning m o r ta l i ty  was s i g n i f i c a n t l y  g re a t e r  among the 
s ty r e n e - t r e a te d  animals than among o l ive  o i l - t r e a t e d  animals (43% vs.  22%). 
Higher m o r ta l i ty  continued even a f t e r  treatment with  styrene had ended. The 
average age of s ty re n e - t r e a t e d  mice a t  death was 32 weeks fo r  males and 49 
weeks fo r  females,  compared with  88 and 85 weeks fo r  o l ive  o i l - t r e a t e d  male 
and female mice and 94 and 99 weeks fo r  un t rea ted  male and female mice, 
r e spec t ive ly  [196],

Mult iple  c e n t r i l o b u l a r  nec ros is  of the l i v e r ,  hypoplasia of the spleen, 
and severe congestion of the lungs were the most f requen t ly  observed les ions
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in s t y r e n e - t r e a t e d  020 mice which died w i th in  the f i r s t  20 weeks [196], 
Extensive inflammation around n e c r o t i c  foc i  was of ten  observed in the l i v e r s  
of s ty re n e - t r e a t e d  mice t h a t  died up to the 45th week of treatment;  
b ro n c h i t i s  and p e r ib r o n c h i t i s  were a l so  f requent ly  observed. Animals th a t  
died a f t e r  45 weeks had what the authors  [196] described as mult ip le  
a b sc e s s - l ik e  round c a v i t i e s  in  the l i v e r  t h a t  were f i l l e d  with 
polymorphonuclear leukocytes and were surrounded by connect ive  t i s su e  
capsules .  Calcium depos i ts  were a l so  observed.

The percentage of tumor-bearing, singly -dosed, s t y r e n e - t r e a t e d  dams did 
not  d i f f e r  from the group t r e a t e d  only with  o l ive  o i l .  Among th e i r  
o f f sp r in g ,  however, 89% of the males and 100% of the females t r ea ted  with  
styrene had lung tumors compared with  42% of the males and 67% of the 
females of the o l ive  o i l - t r e a t e d  c o n t r o l s ,  both s t a t i s t i c a l l y  s i g n i f i c a n t  
d i f fe re n c es  (p<0.01).  When s ty r e n e - t r e a t e d  020 mice were compared with 
un t rea ted  animals,  the incidence of lung tumors was s i g n i f i c a n t l y  g re a te r  
(p<0.001) only in s t y r e n e - t r e a t e d  females.

Average age a t  death of the lung tumor-bearing 020 mice was 49 weeks fo r  
male and 58 weeks fo r  female s t y r e n e - t r e a t e d  mice, 84 and 85 weeks fo r  o l ive  
o i l - t r e a t e d  males and females,  and 87 and 91 weeks fo r  un t rea ted  male and 
females,  r e s p e c t iv e ly .  The lung tumors were h i s t o l o g i c a l l y  i d e n t i f i e d  as 
e i t h e r  adenomas or adenocarcinomas. The incidences of lung tumors in  o l ive  
o i l - t r e a t e d  and un t rea ted  animals a t  s i t e s  o ther  than the lungs were g re a te r  
than the incidences in  s t y r e n e - t r e a t e d  mice, perhaps,  as the authors  [196] 
commented, because of the longer su rv iva l  of the c o n t ro l s .

Styrene (300 mg/kg in 0.1 ml o l ive  o i l )  was a l so  given to each of 15 
pregnant C57 Bl mice on the 17th day of g e s ta t io n ;  t h e i r  progeny received 
the same dose a f t e r  weaning weekly fo r  l i f e ,  up to 120 weeks. For c o n t ro l s ,
0.1 ml o l ive  o i l  was adminis te red a f t e r  weaning weekly to the o f f sp r ing  (12 
males and 13 females) of f ive  pregnant mice given 0.1 ml o l ive  o i l  on the 
17th day of pregnancy; 51 males and 49 females served as un t rea ted  con tro ls  [196].

For C57 Bl mice there  was an increase ,  though no t  s t a t i s t i c a l l y  
s i g n i f i c a n t ,  in the incidence of tumors, mainly lymphomas, in dams singly  
dosed with  s ty rene .  There were three he p a to c e l lu la r  carcinomas in the 
s t y r e n e - t r e a t e d  mice and one h e p a to c e l lu l a r  adenoma each in an o l ive
o i l - t r e a t e d  mouse and in an un t rea ted  mouse. Unlike the 020 mice, there
were no s i g n i f i c a n t  d i f fe rences  in m o r ta l i ty ,  l i f e - s p a n ,  or body weights 
between the C57 Bl mice t r e a t ed  with  s tyrene and those t r e a ted  with ol ive  
o i l .

On the 17 th day of g e s t a t i o n ,  each of 21 pregnant  BD IV r a t s  were 
adminis tered 1,350 mg s tyrene/kg in o l ive  o i l .  Their  progeny, 73 males and
71 females,  each received 500 mg s tyrene/kg weekly fo r  120 weeks a f t e r
weaning. Ten pregnant  BD IV r a t s  received only o l ive  o i l  (0.3 ml) and t h e i r  
progeny (36 males and 39 females) were given 0.3 ml o l ive  o i l  weekly a f t e r  
weaning. Untreated con tro l s  were no t  used [196].
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Average l i t t e r  s i ze s  of the BD IV r a t s  were s im i l a r ,  bu t  o f f sp r ing  of 
s t y r e n e - t r e a t e d  dams had a g r e a t e r  pre-weanlng m o r ta l i ty  than did the ol ive  
o i l - t r e a t e d  dams (10% vs.  2.5%); the d i f fe rence  was no t  s i g n i f i c a n t .  In 
some s ty r e n e - t r e a t e d  animals t h a t  died between weeks 50 and 60, the 
in v e s t ig a to r s  [1961 found moderate congest ion of the lungs and kidneys and 
small n e c ro t i c  foc i  in l i v e r  parenchyma. Although l i v e r  damage was not 
observed in animals th a t  died between weeks 80 and 90, l e s ions  of the 
forestomach (atrophy or desquamation of epi thel ium, and n e c r o t i c  areas with  
inflammation) and of the kidney (hyperp las ia  of the p e lv i s  epithelium) were 
f requen t ly  noted.

The percentage of tumor-bearing BD IV dams given a s ing le  dose of 
s tyrene during pregnancy was g re a te r  than th a t  in  the o l ive  o i l - t r e a t e d  
group (65% vs.  50%); th i s  d i f fe rence  was no t  s t a t i s t i c a l l y  s i g n i f i c a n t .  The 
percentage of tumor-bearing, s t y r e n e - t r e a t e d  progeny was no t  s i g n i f i c a n t l y  
d i f f e r e n t  from th a t  of the o l ive  o i l - t r e a t e d  con t ro l s  (24% vs.  39%). There 
were, however, a few tumors in  s ty r e n e - t r e a t e d  r a t s  which were n o t  observed 
in  the con t ro l  animals,  namely three  neurogenic and three stomach tumors. 
Ponomarkov and Tomatis [196] concluded th a t  t h e i r  r e s u l t s  provided weak 
evidence of the ca rc inogen ic i ty  of s tyrene  in one of the two s t r a i n s  of mice 
te s t ed ,  when i t  was given a t  a high dose l e v e l .

In  1979, under the program of the Nat ional  Cancer I n s t i t u t e  (NCI) fo r
t e s t in g  poss ib le  c a rc inog en ic i ty ,  F ischer  344 r a t s  and B6C3F1 mice were 
given s tyrene in corn o i l  by stomach tube [197]. The animals were in tubated 
5 days a week fo r  up to 103 weeks in the case of r a t s  adminis te red the 
lowest dose and up to 78 weeks in a l l  o ther  groups.  Surviving r a t s  were 
s a c r i f i c e d  fo r  necropsy a t  104-105 weeks, and mice a t  91 weeks. There were 
50 r a t s  of each sex a t  each of 3 doses (500, 1,000, and 2,000 mg/kg) and 40
of each sex given only the corn o i l  v e h ic le .  There were 50 mice of each sex
a t  each of two doses (150 and 300 mg/kg) and 20 of each sex given only the 
corn o i l  v eh ic le .

In male mice, there  was an excess incidence of lung adenomas and
carcinomas compared with  vehic le  con t ro l s  but no t  compared with  h i s t o r i c a l  
con tro l s  a t  NCI. There was no s i g n i f i c a n t  excess of tumors in r a t s ,  bu t  so 
few male and female r a t s  survived on the h ighes t  dose t h a t  there  were 
l im i ted  numbers of these animals a t  r i s k  of developing neoplasms. NCI [197] 
concluded th a t  under the condi t ions  of the bioassay the data ( i . e . ,  excesses 
of lung adenomas and carcinomas) provided "sugges tive"  evidence fo r  the 
ca rc inogen ic i ty  of styrene in male B6C3F1 mice, bu t  did no t  provide 
"convincing" evidence fo r  the c a rc inog en ic i ty  of styrene  in F ische r  344 r a t s  
or B6C3F1 mice of e i t h e r  sex.

In 1979, in a companion experiment by NCI [198], a so lu t ion  of 
b e t a - n i t r o s ty r e n e ,  c o ns i s t ing  of 30% n i t r o s ty re n e  and 70% s ty rene ,  was 
d issolved in corn o i l  and in tuba ted  in to  F ischer  344 r a t s  and B6C3F1 mice. 
The be t a - n i t r o s  tyrene doses were 150 and 300 mg/kg fo r  male r a t s ;  75 and 150 
mg/kg fo r  female r a t s ;  and 87.5 and 175 mg/kg fo r  mice of both sexes.  Doses 
of s ty rene ,  then, in  a d d i t io n ,  were 350 and 700 mg/kg fo r  the male r a t s ;  175
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and 350 mg/kg f o r  the female r a t s ;  and 204 and 408 mg/kg fo r  the mice. The 
doses were adminis tered 3 days a week fo r  78-79 weeks, a f t e r  which mice were 
held an a d d i t io n a l  14 weeks and the r a t s  an a d d i t io n a l  29 weeks before 
survivors  were s a c r i f i c e d  fo r  necropsy.

When the incidences of a lv e o la r  and bronch io la r  adenomas and carcinomas 
were combined, there was a s i g n i f i c a n t  excess in low-dose male mice compared 
to the corn o i l  vehic le  con t ro l s  by the F isher  exac t comparison (p=0.016),  
bu t  no t  by the Cochran-Armitage t e s t .  There was no s i g n i f i c a n t  excess in 
high-dose male mice found by e i t h e r  t e s t .  No o ther  s i g n i f i c a n t  excess in 
tumors was found. NCI [198] concluded th a t  under the condi t ions  of the
bioassay, there  was no "convincing" evidence fo r  the ca rc inogen ic i ty  of a 
so lu t io n  of b e t a -n i t r o s ty r e n e  and s tyrene  in F ischer  344 r a t s  or B6C3F1 mice.

Studies  of the p o t e n t i a l  ca rc inog en ic i ty  of styrene  oxide were reported  
by Kotin and Falk [199], Van Duuren e t  a l .  [200], Weil e t  a l .  [201], and by 
Maltoni e t  a l .  [202]. In  1963, Kotin and Falk [199] repor ted  th a t ,  11
months a f t e r  adminis te r ing  20 ymoles of styrene oxide by an unspeci f ied  
route  to 30 C3H mice, there were 3 mal ignant lymphomas (16%) among the 19 
surv ivors .  The cause of death in these mice was no t  s t a t e d ,  nor was the 
time when they died. The use of c o n t ro l s  was a lso  not  repor ted .

In 1963, Van Duuren e t  a l .  [200] s tudied  poss ib le  tumor formation from 
styrene  oxide in  male Swiss-Mil ler ton  mice. Thir ty  animals were te s ted  with 
10% styrene oxide in benzene th a t  was to p ic a l ly  app l ied .  The mice, 8 weeks
old a t  the onset of the experiment,  had t h e i r  backs pa in ted  three times a
week with approximately 100 mg of s o lu t i o n / a p p l i c a t io n .  After  a median 
su rv iva l  time of 431 days, three s tyrene  oxide t r e a ted  mice (10%) were found
to have tumors (type no t  s p e c i f i e d ) ,  one of which was considered cancerous.
Control groups were pa in ted  with  e i t h e r  benzene or acetone. P os i t iv e  
con tro l s  received 100 mg of benzo(a)pyrene in  benzene or ace tone; negative
con t ro l s  received no trea tment .  Incidence of tumors in the con tro l s  was:
(a) benzene group, 11/150 mice (7%), 10 had papi llomas, and 1 developed
cancer;  (b) acetone group, 7/120 mice (6%) had papillomas; (c) 
benzo(a)pyrene in benzene ( p o s i t i v e  c o n t r o l ) ,  49/90 mice (54%) developed
tumors, 26 of which were cancerous; and (d) benzo(a)pyrene in acetone 
(p o s i t i v e  c o n t r o l ) ,  83/120 mice (69%) developed tumors, 49 of which were 
cancerous. Of the 267 un t rea ted  c o n t r o l s ,  5% developed tumors, 1 of which 
was a squamous c e l l  cancer,  as compared with  the long-term incidence of 
tumors in un t rea ted  Swiss-Mil le r ton  mice in the labora tory  of 1.4%, ( a l l  
squamous papil lomas) .  Because the incidence of tumors in  mice adminis tered 
styrene oxide in benzene was not  s i g n i f i c a n t l y  g re a te r  than the incidence 
due to benzene a p p l i c a t io n  a lone ,  th i s  experiment does no t  give evidence 
th a t  s tyrene  oxide i s  tumorigenic.

In 1963, Weil e t  a l .  [201] s tud ied  the poss ib le  c a rc inog en ic i ty  of
var ious epoxides in mice. Styrene oxide dissolved in  acetone was applied by 
brush three times a week to the shaved backs of two groups of C3H mice th a t  
were 90 days old when the experiment began. One group was t r e a t e d  with  a 
so lu t io n  conta in ing 10% s tyrene  oxide and the o ther  with  a so lu t ion
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conta in ing 5%. The number of mice i n i t i a l l y  in the group th a t  received 10% 
s tyrene  oxide was no t  repor ted ,  bu t  18 were in the group a t  12 months and 2 
were s t i l l  a l iv e  a t  24 months. The maximum number of months the mice in  the 
10% group were pa in ted  was 18. No tumors were found in the group t rea ted  
with 10% styrene  oxide. Forty mice were i n i t i a l l y  p re sen t  in the group 
t r e a t e d  with  5% styrene oxide; 35 were a l iv e  a t  17 months and 17 were s t i l l  
a l iv e  a t  24 months. Admin is tra tion  of s tyrene oxide continued through th i s  
per iod, and no tumors were found [201].  This experiment provides some 
evidence, a l b e i t  in  small groups of mice, t h a t  s tyrene  oxide i s  no t  
tumorigenic by to p ic a l  a p p l i c a t i o n .

In 1979, Maltoni e t  a l .  [202] repor ted  th a t  styrene oxide caused stomach 
e p i t h e l i a l  tumors in  r a t s .  Styrene oxide was adminis te red in  o l ive  o i l  by 
stomach tube a t  two dose l e v e l s ,  50 and 250 mg/kg, to Sprague-Dawley r a t s  
once per day, 4-5 days per week, fo r  52 weeks, a f t e r  which the animals were 
allowed to l ive  u n t i l  t h e i r  n a tu r a l  deaths .  Controls were in tubated  with  
o l ive  o i l  a lone.  Papillomas and carcinomas, both in  s i t u  and invas ive ,  were 
observed in the forestomachs of the r a t s  a t  both dose l eve ls  a t  an incidence 
s i g n i f i c a n t l y  g re a te r  than c o n t ro l s  and with  an ev iden t  dose-response 
r e l a t i o n s h ip .  Many of the carcinomas had metastas ized to the l i v e r .  Rats 
with or without tumors of the forestomach o f ten  had precurso r  l e s ions .  
Maltoni e t  a l .  [202] commented th a t  e p i t h e l i a l  tumors of the forestomach 
were ra re  in th i s  s t r a i n  of r a t ,  and concluded th a t  s tyrene  oxide was 
carc inogenic ,  a f f e c t i n g  the organ "most d i r e c t l y  exposed."

Uptake, Metabolism, and Eliminat ion
In 1954, Danishefsky and W i l lh i t e  [203] reported a study of the 

metabolism of s tyrene  in Wistar r a t s .  Styrene labeled with  carbon-14 a t  the 
8 p o s i t i o n  (8-14C s tyrene)  was d isso lved  in peanut o i l  to make a 20% 
so lu t io n .  Each r a t  was in je c te d  subcutaneously with  0.1 ml of the 
r ad ioac t ive  s o lu t io n .  D i s t r ib u t io n  of the isotope in t i s s u e s  was determined 
1, 6, and 24 hours a f t e r  i n j e c t i o n .  Exhaled carbon dioxide , u r in e ,  feces ,  
and expired styrene  were c o l l e c t e d  and analyzed fo r  carbon-14. After  1 
hour, the l i v e r ,  kidneys,  blood, and ur ine  had the h ig h e s t  r a d i o a c t i v i t y .  
Styrene was rap id ly  metabolized and excre ted p r im ar i ly  in the u r ine .  Six 
hours a f t e r  a d m in is t r a t io n ,  37% of the i n i t i a l  r a d io a c t i v i t y  was found in 
the ur ine  and 6% in expired carbon dioxide. Afte r  24 hours,  71.0% of the 
r a d i o a c t i v i t y  had been excre ted  in the u r ine ,  11.8% in expired carbon 
dioxide , 2.6% in the feces ,  and 2.9% as unchanged expired s tyrene .  Although 
the f ind ing  of labe led  carbon dioxide in d ic a t e s  cleavage of the v iny l  moiety 
of s ty rene ,  i t  does no t  d i s t i n g u i s h  i n i t i a l  cleavage of the te rminal  carbon 
from th a t  of the e n t i r e  v inyl  group.

In 1969, Shugaev [165] exposed r a t s  to s tyrene fo r  1 hour a t  2,800 ppm 
( the  LC50 fo r  4 hours ) .  The animals were s a c r i f i c e d  a t  va r ious  times a f t e r  
exposure and b ra ins  and l i v e r s  were removed and ex t rac ted  fo r  determinat ion 
of s tyrene  l e v e l s .  Data are  presented  in Table IV-23.
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TABLE I V - 23

AVERAGE CONCENTRATION OF STYRENE IN THE BRAIN AND LIVER OF RATS 
AFTER EXPOSURE TO STYRENE AT 2,800 PPM FOR ONE HOUR

Time A fte r  Removal 
From Exposure (min)

AVERAGE STYRENE 
Brain 

mg/100 ml E x t rac t
CONCENTRATION 

Liver 
mg/100 ml E x t rac t

0.1 21.8 20.2
15 22.2 23.5
30 17.7 19.1
60 8.6 12.8
90 Trace-4 .4 6.8

Taken from Shugaev [165]
Shugaev [165] found th a t  s tyrene  was more slowly removed from the organs 

than butadiene or hexene and t h a t  the a n e s th e t i c  e f f e c t s  of s tyrene  l a s ted  
longer than s im i la r  e f f e c t s  from the o ther  compounds. Shugaev [165] a lso  
found th a t  n e a r - l e th a l  concen tra t ions  of styrene were absorbed when t a i l s  of 
r a t s  were immersed in l iqu id  s ty rene  fo r  1 hour (precau t ions  had been taken 
to avoid styrene  in h a l a t io n ) .  Styrene concen tra t ions  of 11.1-17.3 mg/100 ml 
e x t r a c t  in  the b ra in  were found in r a t s  s a c r i f i c e d  immediately a f t e r  the 
exposure ended.

In 1977, Savolainen and Vainio [204] conducted an in v e s t ig a t io n  of 
14C-styrene and t r i t i a t e d ( 3 H ) - s ty r e n e  oxide in je c te d  ip in to  a d u l t  male 
Sprague-Dawley r a t s .  Ten r a t s  each received 460 ymol of s tyrene  oxide and 
15 each received 577 ymol of s ty rene .  Each compound was dissolved in 1 ml 
of o l ive  o i l  fo r  adm in is t r a t ion .  Three and s i x  hours a f t e r  i n j e c t i o n  of 
s tyrene  oxide, 5 r a t s  each were s a c r i f i c e d .  The same procedure was followed 
a f t e r  i n j e c t i o n  of s ty rene ,  and in a d d i t io n ,  f ive  r a t s  were s a c r i f i c e d  24 
hours a f t e r  i n j e c t i o n .  The blood, b ra in ,  sp ina l  cord, l i v e r ,  duodenum, 
lungs, and kidneys were removed fo r  a n a ly s i s  of r a d io a c t i v i t y  and separa t ion  
in to  p ro te in ,  w a te r - so lub le ,  and l i p i d  (b ra in  only) f r a c t i o n s .  R ad ioac t iv i ty  
(14C) in  blood a f t e r  styrene  i n j e c t i o n  increased from 3 to 6 hours,  but 
remained approximately cons tan t  in the l i v e r ,  lungs, k idneys ,  duodenum, 
b ra in ,  and sp ina l  cord. R ad ioac t iv i ty  (3H) from styrene oxide decreased in 
the l i v e r  and kidneys from 3 to 6 hours a f t e r  i n j e c t i o n ,  but remained 
constan t  in a l l  o ther  organs.  A f te r  s tyrene  i n j e c t i o n ,  about 91% of the 
r a d io a c t i v i t y  in the b ra in  was found in the w a te r - so lub le  and 
chloroform-methanol-soluble  f r a c t i o n s .  A f te r  s tyrene oxide i n j e c t i o n ,  about
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83% of the r a d io a c t i v i t y  was found in the wate r - so lub le  f r a c t i o n .  The 
in v e s t ig a to r s  [204] did no t  consider  th a t  the observed d i f fe rences  might 
have been due to the d i f f e r e n t  iso topes  used. Because t r i t i u m  rea d i ly  
exchanges with  hydrogen of o ther  molecules,  p a r t i c u l a r l y  p ro te in s ,  nuc le ic  
a c id s ,  and water,  i t  would be necessary to i s o l a t e  and Id e n t i fy  suspected 
m etabo l i tes  of styrene and s tyrene  oxide.

In 1978, P lo tn ick  and Weigel [205] studied the t i s su e  d i s t r i b u t i o n  and 
excre t ion  of uniformly r ing- labe led-14C-s ty rene  in  male and female 
Sprague-Dawley r a t s  a t  var ious time i n t e r v a l s  following a s ing le  o ra l  dose 
of 20 mg/kg. Peak t i s su e  l eve ls  of r a d io a c t i v i t y  were achieved a t  or before 
4 hours a f t e r  adm in is t r a t ion .  The organ with  the h ighes t  concen tra t ion  of 
r a d io a c t i v i t y  a t  a l l  time i n t e r v a l s  s tud ied  (2,  4, 8, 12, and 24 hours ),  and 
in  both sexes,  was the kidney, followed in order of decreas ing concen tra t ion  
by the l i v e r  and pancreas.  Approximately 90% of the r a d io a c t iv i ty  
adminis tered was excreted in  the ur ine  w i th in  24 hours of a dm in is t ra t ion .
Less than 2% of the dose was found in  the feces .  The i n v e s t ig a to r s  [205]
speculated th a t  the high leve ls  found in the pancreas might be r e l a t e d  to 
increased glucose to le rance ,  which has been reported  in some styrene workers 
[115,116,120].

In 1976, Sauerhoff e t  a l .  in v es t ig a ted  the metabolism and d i s t r i b u t i o n
of s tyrene in a d u l t  Sprague-Dawley r a t s  a f t e r  o r a l  a d m in is t r a t ion  of a 
s ing le  dose of 50 or 500 mg s ty rene /kg  [206] and a f t e r  exposure to styrene 
vapor a t  60 or 600 ppm for  6 hours [207], For both in v e s t ig a t io n s ,  
14C-styrene (uniformly r in g - l a b e le d )  was used and the animals were
s a c r i f i c e d  72 hours a f t e r  exposure.  R ad ioac t iv i ty  recovered in  the u r ine ,  
feces ,  expired a i r ,  and carcass  was about 95, 4, 1.5,  and 0%, r e s p ec t iv e ly ,  
a f t e r  the o ra l  dose of 50 mg/kg and about 90, 1.5,  9, and 0%, re s p e c t iv e ly ,  
a f t e r  the 500 mg/kg dose. In both  cases ,  the percentage of r a d io a c t i v i t y  in 
expired a i r  was lower in female than in male r a t s  (0 .9  vs.  1.8% and 5.3 vs.  
12% a t  50 and 500 mg/kg, r e s p e c t i v e ly ) ,  in d ic a t in g  th a t  female r a t s  re ta ined  
styrene longer than male r a t s  [206],

A f te r  a dose of 50 mg/kg, s ix  14C-labeled m etabo l i tes  were found in the 
u r ine .  Afte r  a dose of 500 mg/kg or exposure a t  60 or 600 ppm, seven 
r ad ioac t ive  m etabo l i tes  were found. A f te r  a l l  doses and exposures,  four of 
these m etabo l i tes  were i d e n t i f i e d  as phenylg lyoxyl ic ,  mandelic,  benzoic,  and 
hippur ic  ac ids .  The recovered r a d io a c t i v i t y  a ssoc ia ted  with
phenylg lyoxyl ic ,  mandelic, benzoic ,  and hippuric  ac ids  was about 33, 30,
1.5, and 18%, re sp e c t iv e ly ,  in male r a t s ;  in females,  i t  was about 25, 41, 
2, and 20%, re sp ec t iv e ly  [206,207].

In 1978, in  a l a t e r  i n v e s t ig a t io n  by Ramsey and Young [208] a t  the same 
labora tory  as Sauerhoff e t  a l .  [206,207],  a d u l t  r a t s  were exposed to s tyrene 
vapor a t  80, 200, 600, or 1,200 ppm for  up to 24 hours.  Styrene
concen tra t ions  in the blood of r a t s  were measured during and a f t e r  a 6-hour 
exposure.  The in v e s t ig a to r s  [208] concluded th a t  styrene a t  exposures up to 
200 ppm did not  accumulate in the body. Styrene was highly concentrated in 
f a t  r e l a t i v e  to blood; the r a t i o  of the concen tra t ion  of styrene  in f a t  to 
th a t  in blood was approximately 40:1 a t  80 ppm and 80:1 a t  1,200 ppm.
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In  1978, Savolainen and P f a f f l i  [209] exposed male r a t s  to styrene  vapor 
a t  300 ppm for  6 hours per day, 5 days per week, fo r  1-11 weeks. The 
con ten t  of s tyrene  In the f a t  increased l i n e a r ly  during the f i r s t  4 weeks 
and decreased in an exponent ia l  manner t h e r e a f t e r .  Half of the peak styrene 
concen tra t ion  in  f a t  was de tected  a f t e r  9 weeks of exposure.

In 1958, El Masri e t  a l .  [210] in v es t ig a ted  the metabolism of s tyrene in 
r a b b i t s .  Hippuric ,  mandelic, and mercapturic  a c id s ,  and the glucaronide of 
phenylglycol were i s o la te d  from the ur ine  of r a b b i t s  t h a t  had been 
adminis tered s tyrene  o r a l l y .  The main metaboli te  (30-40% of the dose) was 
h ippur ic  ac id .

In 1965, Ruvinskaya [211] repor ted  the conversion of styrene  to mandelic 
acid  in guinea pigs and r a b b i t s .  When guinea pigs  were given subcutaneous 
I n je c t io n s  of styrene in sunflower o i l  (1:1) a t  50, 100, or 500 mg
styrene /kg ,  the t o t a l  mandelic ac id  found in the ur ine  was 4 .0 ,  7.9 ,  and 36
mg, r e s p e c t iv e ly .  At 50 mg s ty rene /kg ,  excre t ion  was complete w ith in  1 day; 
2 and 3 days were needed to complete excre t ion  of mandelic ac id  a f t e r  
i n j e c t i o n  of 100 and 500 mg/kg, r e s p e c t iv e ly .  When guinea pigs  were exposed 
to s tyrene  a t  1,410 ppm fo r  5 hours,  they excreted mandelic ac id  fo r  4
days. The t o t a l  excreted mandelic acid  was 121-157 mg, 80% of which was
excreted on the f i r s t  day.

Ruvinskaya [211] a lso  exposed guinea pigs and r a b b i t s  to s tyrene  a t  1.2, 
12, 235, 705, or 1,175 ppm fo r  4 hours da i ly  fo r  3 days. Urine was
co l l e c te d  from each animal fo r  20 hours following each exposure. Mean 
leve ls  of mandelic acid  excre ted da i ly  by r a b b i t s  exposed a t  the four
h ighes t  concen tra t ions  were 0 .9 ,  11.2,  26.8,  and 40.2 mg, r e s p e c t iv e ly ,  and, 
fo r  guinea p igs ,  they were 1.0, 12.0, 30.1,  and 45.5 mg, r e s p e c t iv e ly .  There 
was no e le va t ion  of mandelic ac id  in the ur ine  of r a b b i t s  or guinea pigs 
exposed a t  1.2 ppm. When r a b b i t s  were exposed a t  12 ppm fo r  4 hours da i ly  
fo r  30 days,  mandelic acid exc re t ion  was r e l a t i v e l y  c ons tan t  a t  about 1
mg/d. Having assumed a r e s p i r a to r y  volume of 500 ml/min and a r e t e n t io n  of 
50%, Ruvinskaya [211] ca lcu la ted  th a t  about 30% of the absorbed styrene was 
excreted in the u r ine  as mandelic ac id .

In 1971, Bardodej e t  a l .  [212] reported  on the exc re t ion  of styrene
metabol i tes  by male Wistar r a t s  exposed to styrene a t  446, 728, or 1,856 ppm 
of s tyrene vapor fo r  2-104 hours .  Mandelic and phenylglyoxylic acids  in the 
ur ine  were determined by polarography and spectrophotometry.  The r a t i o  of 
mandelic ac id  to phenylglyoxylic ac id  averaged 0.61 and ranged from 0.47 to 
1.15. There was some in d ic a t io n  th a t  the r a t i o s  became la rge r  with 
increas ing  dura t ion  of exposure.  Only t races  of phenylglycol were found by 
paper chromatography.

In 1971, Ohtsuj i  and Ikeda [213] reported  s tud ies  on the metabolism of 
s tyrene  (455 mg/kg), styrene oxide (527 mg/kg), phenylglycol (603 mg/kg), 
phenylglyoxyl ie  acid  (500 mg/kg), and mandelic acid (500 mg/kg) in female 
Wistar r a t s .  Each compound was d issolved in soybean o i l ,  and 2 ml/kg of the 
mixture was in jec ted  ip in to  r a t s  t h a t  weighed about 50 g. Groups of s ix
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r a t s  were s tudied  with each chemical adminis te red. Urine c o l l ec te d  from 
each r a t  during consecutive 2-hour per iods fo r  10 hours a f t e r  i n j e c t i o n  was 
assayed fo r  glucuronides and h ippur ic ,  pheny lg lyoxyl ic , and mandelic ac ids .  
Some r a t s  were p r e t r e a te d  with  phenobarb i ta l  twice da i ly  fo r  4 days before 
i n j e c t i o n  to induce hepat ic  microsomal enzymes; o thers  were t rea ted  with a 
microsomal enzyme in h i b i t o r ,  2-d ie thylaminoethy l-2 ,2-d iphenyl  v a le ra te  
hydrochloride  (SKF-525A), before a d m in is t r a t ion  of s tyrene  [213],

I n j e c t io n  of styrene and phenylglycol in to  the r a t s  r e s u l t ed  in 
increased ur inary  excre t ion  of a glucuronide (u n id e n t i f i e d ,  bu t  thought by 
the in v e s t ig a to r s  [213] to be phenylglycol glucuronide)  and phenylglyoxyl ic ,  
mandelic,  and hippur ic  ac ids .  Styrene oxide may have increased glucuronide 
excre t ion  in  the 2 hours a f t e r  i n j e c t i o n ;  however, the t o t a l  glucuronide 
excreted in 10 hours was the same as in c o n t ro l s .  Excret ion  of the acid  
metabol i tes  was increased a f t e r  adm in is t r a t ion  of s tyrene  oxide. When 
phenylglyoxyl ic  acid  was i n j e c t e d ,  i t  alone was found in  la rge  q u a n t i t i e s  in 
the u r ine ,  in d ic a t in g  th a t  i t  i s  an end product of s tyrene metabolism in the 
r a t .  When mandelic acid was in je c te d ,  phenylg lyoxyl ic ,  h ippur ic ,  and 
mandelic ac ids  were excre ted. When r a t s  were in jec ted  with  phenobarbi ta l  
before in j e c t i o n  of s tyrene ,  the leve l  of styrene m etabo l i tes  in  the ur ine  
was increased, but th i s  same e f f e c t  of phenobarbi ta l  was n o t  observed a f t e r  
in j e c t i o n  of s tyrene oxide, phenylg lycol ,  or phenylglyoxyl ic  and mandelic 
acids  [213],

Adminis tra tion  of styrene oxide and phenylglycol r e s u l t e d  in excre t ion  
of g re a te r  amounts of a l l  the styrene m etabo l i tes  during the f i r s t  2 hours 
than was observed when s tyrene  was adminis te red [213]. I n h ib i t i o n  of 
microsomal enzyme a c t i v i t y  caused a decrease in the excre t io n  of glucuronide 
from s ty rene ,  but did not  a f f e c t  excre t ion  of the o ther  metabo l i tes .  
Administ ra tion of the microsomal enzyme in h ib i t o r  SKF-525A a lso  resu l t ed  in 
a decreased excre t ion  of mandelic ac id  in the f i r s t  2 hours a f t e r  styrene 
adm in is t ra t ion ,  bu t  no d i f fe rence  in mandelic acid  exc re t io n  was noted a f t e r  
10 hours in  e i t h e r  the SKF-525A-treated r a t s  or the un t rea ted  con tro l  r a t s .  
Mandelic acid  was an apparent p recursor  of both phenylglyoxyl ic  and hippur ic  
ac ids .  The data are presented in Table IV-24.
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TABLE I V - 2 4

EXCRETION OF URINARY METABOLITES 2 AND 10 HOURS 
AFTER INJECTION OF STYRENE, STYRENE OXIDE, 

PHENYLGLYCOL, PHENYLGLYOXYLIC ACID (PGA), OR MANDELIC ACID

Subs tance 
In jec ted

Glucuronides
mg/kg

PGA
mg/kg

Mandelic Acid 
mg/kg

Hippuric Acid 
mg/kg

2 h 10 h 2 h 10 h 2 h 10 h 2 h 10 h

Sal ine  only 9.2 52.1 0.4 1.8 1.4 7.1 3.2 19.4
S tyrene 
S tyrene/PB*
S tyrene/SKF-525A

15.6
48.1

8.6
70.4 

130.0
51.5

9.1
39.3

3.9
70.7 

122.6
54.8

11.0
51.9

5.1
58.8 

131.2
56.9

14.7
75.7 

5.1
78.0 

166.4
47.0

S tyrene oxide 
Styrene oxide/PB

21.8
24.1

53.7
59.5

14.7
18.7

24.1
27.0

27.2
31.7

45.5
47.6

24.9
31.3

43.7
52.4

Phenylglycol 
Phenylglycol/PB

41.1
52.5

77.4
84.5

35.6
41.7

89.0
85.5

45.4
69.6

60.6
85.1

75.0
69.3

110.0
93.4

PGA
PGA/PB

6.7
6.9

16.3
19.7

38.8
47.5

110.4
131.7

1.5
1.6

8.5
9.1

4.0
4.2

18.4
19.9

Mandelic acid  
Mandelic acid/PB

2.8
3.2

16.0
17.6

67.9
64.7

129.8
136.4

110.2
89.3

122.1
99.6

11.9
11.6

35.9
36.9

*PB = Phénobarbita l
Use of a s l a sh  ( / )  in d ic a te s  p re t rea tm en t  wi th  the substance th a t  follows i t .  
Taken from Ohtsu j i  and Ikeda [213]

In 1974, Ikeda e t  a l .  [159] found th a t  the 24-hour u r ina ry  excre t ion  of
mandelic and phenylglyoxylic ac ids  of r a t s  exposed to s tyrene  vapor fo r  8
hours was l i n e a r  with  s tyrene  exposures up to about 100 ppm, whereas 
hippur ic  ac id  excre t ion  was l i n e a r  with  re sp ec t  to s tyrene  exposures up to 
200 ppm.

In 1978» Seu t te r -Ber lage  e t  a l .  [214] i d e n t i f i e d ,  and determined the
molar r a t i o s  of ,  three mercaptur ic  ac ids  th a t  appeared in the u r ine  of a d u l t
female Wlstar r a t s  a f t e r  the ip i n j e c t i o n  of 250 mg s tyrene/kg  once a day, 5 
days per  week, fo r  3 weeks. Compounds id e n t i f i e d  as m etabo l i tes  of s tyrene 
were: N - a c e ty l -S - ( l -phenyl-2-hydroxyethyl)  cys te ine ,  N-acetyl-S-(2 -phenyl-  
2-hydroxyethyl) cy s te in e ,  and N-acety1-S-(phenacy1) cys te in e .  These 
m etabo l i tes  were p resen t  in a molar r a t i o  of 65:34:1.  In a separa te
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experiment, f ive  r a t s  each received a s ing le  ip i n j e c t i o n  of styrene (250 
mg/kg); t o t a l  mercapturic  ac ids  as a percentage of the i n i t i a l  dose were 
determined to be 10.4% on the f i r s t  day, and 0.26% on the second day. No 
mercapturic ac ids  were found on the th i rd  day.

L a te r ,  in 1980 these same in v e s t ig a to r s ,  Delbress ine  e t  a l .  [215] 
s tudied whether phenaceturic  acid  was a u r inary  metabol i te  in  a d u l t  female 
r a t s  a f t e r  ip in j e c t i o n s  of styrene (150 mg/kg) or s tyrene  oxide (150 mg/kg)
in sesame o i l  5 days per week fo r  3 weeks. To exclude in te r fe re n c e  from
n a tu r a l ly  occurr ing phenaceturic  ac id ,  the experiments were repeated with  
d8-styrene ( s ty rene  with  deuterium in the 8 p o s i t i o n ) .  After  adm in is t ra t ion  
of s tyrene to r a t s ,  s i g n i f i c a n t l y  g re a te r  amounts (p<0.0025) of phenaceturic  
acid were i s o l a t e d  from ur ine  during the f i r s t  24 hours (as compared with 
con t ro l s )  and id e n t i f i e d  as i t s  methyl e s t e r  by th in  layer  chromatography 
with  the s t ru c tu re  confirmed by nuc lea r  magnetic resonance spectroscopy. 
Q uan t i ta t ive  r e s u l t s  obtained with  g a s - l i q u id  chromatography showed 1.4% of 
a s ing le  adminis tered dose to be phenacetu ric  ac id .  Ne i ther  a s ing le  dose 
nor continuous adm in is t ra t ion  of styrene oxide r e s u l t e d  in any s i g n i f i c a n t  
increase  in  ur inary  phenaceturic  ac id  excre t ion  compared to the contro l  
group; the reason fo r  th i s  f ind ing  was no t  c l e a r  to the in v e s t ig a to r s  
[215],  The s tud ies  with  d8- labeled  s tyrene  and s tyrene oxide confirmed the 
f indings with  the unlabeled substances .

In 1970, Bakke and Scheline [216] s tudied  the metabolism of styrene to 
phenolic compounds in  f ive  male r a t s .  The r a t s  were fed neomycin for  6 days 
before  adm in is t r a t ion  of s tyrene  to i n h i b i t  formation of n a tu r a l  phenolic 
compounds. S tyrene, d issolved in 1 ml of propylene g lyco l ,  was adminis tered 
by stomach tube a t  100 mg/kg and ur ine  was c o l l ec te d  fo r  48 hours. To 
convert  any m etabo l i tes  from th e i r  conjugated form, the ur ine  samples were 
t r e a ted  wi th  an enzyme p repara t ion  th a t  contained beta-g lucuronidase  and 
su l f a t a s e .  During the 48 hours,  0.1% of the i n i t i a l  dose of s tyrene was 
recovered as 4-vinylphenol .  Other a lc oho l ic  m etabo l i tes  id e n t i f i e d  were
1-phenylethanol and a trace  of 2-phenylethanol.  Bakke and Scheline [216] 
a l so  looked f o r ,  bu t  did no t  f ind ,  phenylglycol.  Excret ion of p-ethylphenol  
was no t  g re a t e r  than con tro l  va lues .

In 1978, P an ta ro t to  e t  a l .  [217] adminis tered s tyrene ip to
Sprague-Dawley r a t s .  In a d d i t io n  to phenylethylene glycol and mandelic, 
benzoic,  and h ippur ic  ac ids ,  phenolic  m etabo l i tes ,  namely, 4-vinylphenol,  
p-hydroxymandelic ac id ,  p-hydroxybenzoic ac id ,  and p-hydroxyhippuric acid  
were i d e n t i f i e d  in  the ur ine  of the t r e a t ed  animals.  These metaboli tes  were 
cha rac te r ized  by mass spectrometry and by comparative th in  layer  
chromatography with standard compounds. The in v e s t ig a to r s  [217] theor ized 
th a t  the phenolic  metaboli tes  could have been formed as a r e s u l t  of chemical 
rearrangements of uns table  arene oxides.

In 1972, Ikeda e t  a l .  [218] s tudied  the e f f e c t s  of coadmin is t ra t ion  of 
toluene or p re trea tm ent  with  phenobarb i ta l  on the metabolism of styrene in 
female Wistar r a t s .  Both s tyrene  (228 mg/kg) and toluene (217 mg/kg) were 
adminis tered ip in soybean o i l .  Simultaneous a d m in is t r a t ion  of toluene
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suppressed and delayed the excre t ion  of mandelic and phenylglyoxyl ie  ac id s ,  
which suggested a competit ive i n h i b i t i o n  of s tyrene metabolism by toluene.  
The observed e f f e c t  of toluene was a t t r i b u t e d  to compet it ive  i n h ib i t io n  of 
the oxida t ive  processes  involved in the metabolism of s ty rene ,  since 
phenobarbi ta l  pre t rea tment  counteracted th i s  e f f e c t  [218].  The suppression 
of oxida t ion  of styrene was a t r a n s i e n t  e f f e c t ,  since the l eve ls  of styrene 
metabol i tes  in the ur ine  re turned  to con tro l  values 6-8 hours a f t e r  
i n j e c t i o n  of toluene.

In  1974, Ikeda e t  a l .  [159] f u r t h e r  s tudied  the metabolism of styrene in 
r a t s  when s tyrene was in je c te d  ip a t  doses up to 910 mg/kg in to  r a t s  and the 
time course of the u r ina ry  exc re t io n  of mandelic,  phenylg lyoxyl ie ,  and 
h ippur ic  ac ids  was monitored. There was a delay in  e xcre t ion  of mandelic 
and phenylglyoxylie ac ids ;  the amounts of these ac ids  excre ted were l i n e a r  
with r e s p e c t  to dose only up to s tyrene  doses of 200-250 mg/kg. There were 
no s i g n i f i c a n t  d i f fe rences  between con t ro l  and s t y r e n e - t r e a te d  animals with 
re sp ec t  to ur inary  hippur ic  acid  e xcre t ion  a t  s tyrene  doses below 100 
mg/kg. Excret ion of h ippuric  ac id  became l i n e a r  with  r e s p e c t  to styrene 
doses above 100 mg/kg [159].

In 1967, James and White [219] studied the formation of mercapturic 
acids  in a d u l t  female r a b b i t s  and r a t s  t rea ted  with  s tyrene  and styrene 
oxide. In one experiment, r a t s  t h a t  had been fed y e a s t  contain ing 
r ad ioac t ive  su l f u r  (35S) were given s tyrene and s tyrene  oxide by stomach 
tube a t  doses of about 200 or 250 mg/kg, r e sp e c t iv e ly .  Urine was co l l ec ted  
over the next  24 hours and assayed fo r  r a d io a c t i v i t y .  Adminis tra tion of 
s tyrene and s tyrene oxide r e s u l t e d  in  excre t ion  of r e l a t i v e l y  large amounts 
of r a d io a c t iv e ly - la b e le d  hydroxyphenylmercapturic ac id ,  in d ic a t ing  th a t  
hydroxylation of the benzene r ing  of the paren t  compound had occurred. 
Traces of labeled phene thylmercapturic  ac id  and an u n id e n t i f i e d  labeled 
metabol i te  were a lso  found.

In  another  experiment by James and White [219], hydroxyphenylmercapturic 
ac id  but no phene thy lmercaptur ic  ac id  was found when unlabeled s tyrene  (145 
mg/kg) and s tyrene oxide (185 mg/kg) were adminis tered by stomach tube to 
r a b b i t s .  No mercapturic ac ids  were found when phenylglycol  was given to 
e i t h e r  r a b b i t s  (185 mg/kg) or r a t s  (170 mg/kg). After  adm in is t ra t ion  of 
phenethylmercapturic ac id ,  the r a b b i t s  excreted only small amounts of the 
hydroxy d e r iv a t iv e ,  in d ic a t in g  t h a t  another  source of t h i s  compound was 
probable.  Administ ra tion of 8-14C-labeled s tyrene oxide to r a b b i t s  r e s u l t ed  
in  la rge amounts of labeled mandelic ac id  and no naph thoreso rc ino l - reac t ive  
substances .  In  r ab b i t s ,  32% of the adminis tered s tyrene  and 30% of the 
styrene  oxide were converted to mandelic acid .  James and White [219] a lso  
found th a t  15-32% of the s tyrene oxide adminis tered was excre ted in r a b b i t s  
as h ippur ic  ac id .  With phenylglycol,  17-29% was recovered as mandelic acid ,  
and 4-13% as h ippuric  acid  [219]. No phenolic  compounds o ther  than those 
normally in ur ine  were observed in r a b b i t s  given s tyrene oxide.
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In 1977, Vainlo and Maklnen [220] found t h a t  s tyrene  in  o l ive  o i l ,  
adminis tered ip a t  150-1,000 mg/kg, caused a reduct ion  in the hepatic  
nonprote in  su lfhydry l  conten t  of female mice, male Wistar r a t s ,  female 
hamsters,  and male guinea p igs  in about an hour a f t e r  the i n j e c t i o n .  Vainio 
and Makinen [220] suggested th a t  th i s  might r e f l e c t  the conjugation of 
r e a c t iv e  a lk y l a t in g  metabol i tes  w i th  hepat ic  g lu ta th ione ;  they pointed out 
t h a t  the mouse was the most s e n s i t i v e  to th i s  a c t io n  of s ty rene ,  and the r a t  
the l e a s t  s e n s i t i v e ,  possib ly  because mouse l i v e r  has a high epoxide-forming 
capaci ty  and a low e p ox ide - inac t iva t ing  capac i ty  as compared to r a t  l i v e r .

In 1976, Parkki e t  a l .  [221] repor ted  th a t  the a c t i v i t y  of epoxide 
hydratase  in  Wistar r a t s  increased with  increas ing  s tyrene  doses.  Styrene 
was in je c te d  ip in corn o i l  in da i ly  doses of 100 mg/kg fo r  3 or 6 days, or 
500 mg/kg fo r  1, 3, or 6 days, or 2,000 mg/kg in  one dose. No increases  in 
epoxide hydratase  were observed a f t e r  3 or 6 doses of 100 mg/kg; 
s t a t i s t i c a l l y  s i g n i f i c a n t  increases  occurred a f t e r  a s ing le  dose of
2,000 mg/kg and 3 or 6 doses of 500 mg/kg. No increase  in the a c t i v i t y  of 
u r id ine  d iphospha te -g lucuronosyl t ransfe rase  was observed with  s tyrene  a t  any 
dose, nor was any increase  observed in  a c t i v i t i e s  of the hydratase  or the 
t r a n s fe ra se  a f t e r  one or three doses of s tyrene  oxide (375 mg/kg) or 
phenylethylene glycol (750 mg/kg).

In 1976, Delag e t  a l .  [222] in ves t ig a ted  the e f f e c t  of styrene on 
carbohydrate metabolism in r a t s .  Glucose,  s tyrene ,  or  glucose and s tyrene 
together  were adminis tered by stomach tube to two groups of Wistar  r a t s  th a t  
were e i t h e r  on standard d i e t  or had been food-deprived fo r  17 hours.  Two 
hours a f t e r  adm in is t ra t ion  of the compounds, the animals were s a c r i f i c e d  and 
the l e f t  caudate lobe of the l i v e r ,  the l e f t  v e n t r i c l e  of the h e a r t ,  and the 
l e f t  th igh muscle were removed, homogenized, and assayed fo r  glycogen using 
anthrone. The r e s u l t s  a re  presented in Table IV-25.

TABLE IV-25
GLUCOSE AND GLYCOGEN IN LIVER AFTER ADMINISTRATION 
OF GLUCOSE, STYRENE, OR GLUCOSE AND STYRENE TO RATS

Glucose Glycogen
Subs t a n c e ( s ) (mg/g t i s su e )* (mg/g t i s su e )*
Administered Fed Fasted Fed Fasted

None (co n t ro l ) 5.0 6.3 49.1 13.4
Glucose** 5.6 5.6 39.3 16.6
Styrene** 4.0 5.9 21.2 10.7
Glucose and styrene** 5.9 6.1 33.0 18.2
*Mean of 7 de terminat ions
**Each adminis te red a t  2.5g/kg body weight
Taken from Delag e t  a l .  [222]
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Although styrene caused dep le t ion  of hepa t ic  glycogen in  both fed and 
fa s ted  animals,  the data  [222] in d ic a t e  th a t  i t s  e f f e c t  could be reversed by 
the simultaneous adm in is t ra t ion  of glucose.

In a 1968 a b s t r a c t ,  Leibman and O r t iz  [223] presented evidence th a t  in 
the conversion of styrene to phenylethylene g lycol in mammalian l i v e r  
microsomes requ ir ing  NADPH and oxygen, s tyrene oxide was the primary product 
of the NADPH-dependent oxida t ion .  Mixtures conta in ing s ty rene ,  nicotinamide 
adenine d inuc leo t ide  phosphate (NADP), glucose-6-phosphate dehydrogenase, 
and 9000 x g superna tant f r a c t i o n  of r a b b i t  l i v e r  were incubated in  a i r  fo r  
5 minutes,  and ex t rac ted .  Styrene oxide was id e n t i f i e d  e i t h e r  by d i r e c t  gas 
chromatography of the e x t r a c t s  or by th in - l a y e r  chromatography of the p i c r i c  
d e r iv a t iv e .  No s tyrene oxide was found when NADP and glucose-6-phosphate 
dehydrogenase were omitted. When 8-14C styrene  was incubated in  the above 
system with  a pool of unlabeled s tyrene  oxide, about equal r a d io a c t i v i t y  was 
found in the phenylethylene g lycol and in the p i c r i c  d e r iv a t iv e  of s tyrene 
epoxide.

L a te r ,  in 1969, Leibman and Or t iz  [224] demonstrated the ^n v i t ro  
formation of phenylglycol from styrene  by hepat ic  microsomal p repara t ions  in 
r a t s  and r a b b i t s  p re t r e a te d  with  phénobarb i ta l .  Ethyl a c e ta t e  e x t r a c t s  of a 
r ea c t io n  mixture th a t  contained 50 pmol of s tyrene  in  0.5 ml of 
dimethylformamide were q u a l i t a t i v e l y  analyzed by gas chromatography. Peaks 
having the same r e t e n t io n  times as a re ference  s tandard of phenylglycol 
appeared following incubat ion. In  a d d i t io n ,  th in  layer  chromatography of 
the e thy l  a c e t a t e  e x t r a c t s  a f t e r  both a c é ty l a t io n  and t r im e th y l s i l y l a t i o n  
yie lded a reas  having the same refe rence  values in th ree  d i f f e r e n t  so lven t  
systems as the a ce ty la ted  and s i l y l a t e d  d e r iv a t iv e s  of s tandard phenylglycol 
[224].

In 1970, th i s  work was f u r th e r  extended by Leibman and Ort iz  [225] to 
demonstrate th a t  styrene oxide may be an in te rmedia te  in  the formation of 
phenylglycol.  Styrene oxide was i d e n t i f i e d  in e thy l  a c e t a t e  e x t r a c t s  of 
r a b b i t  l i v e r  microsomal p repara t ions  t h a t  had been incubated with  unlabeled 
styrene  and styrene labeled with  carbon-14 a t  the 8 p o s i t i o n .  The oxide 
in te rmedia te  was demonstrated by three methods: g a s - l iq u id  chromatography,
th in  layer  chromatography, and by accumulation of r a d io a c t i v i t y  in  a pool of 
styrene oxide added to reduce the e f f e c t  of epoxide hydra tase .

In  1976, Salmona e t  a l .  [226] s tudied the enzymatic capac i ty  fo r  
epoxidation in the l i v e r ,  lungs, kidneys ,  h e a r t ,  sp leen,  and b ra in  of male 
and female r a t s .  Microsomes from the organs were incubated with  styrene or 
styrene oxide, and the a c t i v i t i e s  of monooxygenase and of epoxide hydratase  
were assayed. The in v e s t ig a to r s  [226] found th a t  s tyrene oxide formation,
i . e . ,  monooxygenase a c t i v i t y ,  i s  dependent on the a v a i l a b i l i t y  of NADPH. 
In h ib i t o r s  of cytochrome P-450 (metyrapone and SKF-525A) and in h ib i t o r s  of 
epoxide hydratase  (cyclohexene oxide and epoxytr ichloropropene) were s tudied  
fo r  t h e i r  e f f e c t  on enzyme a c t i v i t y  of hepat ic  microsomes. The cytochrome 
P450 in h ib i t o r s  s i g n i f i c a n t l y  in h ib i t e d  (p<0.01) both styrene  monooxygenase
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and epoxide hydratase  a c t i v i t i e s .  The epoxide hydra tase  in h ib i t o r s  markedly 
in h ib i t e d  epoxide hydratase bu t  n o t  monooxygenase a c t i v i t y .

In 1978, Cantoni e t  a l .  [227] s tudied  the a c t i v i t i e s  of styrene 
monooxygenase and epoxide hydra tase  in r a t s ,  mice, guinea p igs ,  and r a b b i t s  
of each sex and found the h ighes t  a c t i v i t y  of each enzyme in  the l i v e r ,  with  
the hydra tase  a c t i v i t y  being higher  than th a t  of monooxygenase. Each enzyme 
was a l so  found in microsomal f r a c t i o n s  from the h e a r t ,  lungs,  spleen,  and 
kidneys.  Styrene or styrene oxide was the su b s t ra te  used in incubat ing the 
microsomal p repara t ions  p r i o r  to enzyme assay. Because of the high r a t i o  of 
hydratase  to oxygenase a c t i v i t y  in the r a t ,  Cantoni e t  a l .  [227] suggested 
th a t  the r a t  would be r e l a t i v e l y  r e s i s t a n t  to s tyrene  t o x i c i t y ,  assuming 
th a t  oxygenase caused s tyrene oxide to form and th a t  hydratase  (as well  as 
g lu ta th io n e -S - t r a n s fe ra se )  i n a c t iv a t e d  the s tyrene oxide. Because of the 
low a c t i v i t y  of epoxide hydratase  in  mouse and r a b b i t  lungs in comparison to 
a c t i v a t i n g  capac i ty ,  the in v e s t ig a to r s  1227] specula ted th a t  the lungs of 
these two spec ies  would be the most s e n s i t i v e  s i t e  fo r  s tyrene to x ic i ty .

Because of the work of Bakke and Schel ine [216],  who found 4-vinylphenol 
in  the u r ine  of r a t s  given la rge  amounts of s tyrene ,  Vatabe e t  a l .  [180] 
suggested in  1978 t h a t  l -v inylbenzene-3 ,4-oxide  ( s ty rene -3 ,4 -ox ide )  might be 
the p recursor  of both 4-vinylphenol  and 1 ,2-dihydroxy- l ,2 -d ihydro-4-  
vinylbenzene, and th a t  an oxygenated metaboli te  of the l a t t e r  compound i s  a 
proximate mutagen. In  another  1978 in v e s t ig a t io n ,  Watabe e t  a l .  [228] 
incubated r a t  l i v e r  microsomes with s ty rene ,  and i d e n t i f i e d  styrene  oxide 
(o r  a t  l e a s t  a chromatographic peak with  the same r e t e n t io n  time as styrene 
oxide).  Maximal amounts of the oxide were found a f t e r  an incubat ion period 
of 10 minutes ,  t h e r e a f t e r  decreasing so t h a t  a t  40 minutes the oxide was not 
d e te c t ab le .  Styrene glycol was formed in  increas ing  amounts u n t i l  a maximum 
was reached a t  60 minutes.

In  1981, Belvedere and Tursi  [229] studied the ox ida t ion  of s tyrene to 
s tyrene  oxide in  human blood e ry th rocy te  and lymphocyte suspensions.  
Styrene oxide formed enzymatical ly  was q u a n t i t a t i v e l y  hydrated by 
a c i d i f i c a t i o n  to styrene g lyco l ,  a compound more s u i t a b le  fo r  gas 
chromatographic a n a ly s i s .  Styrene oxidat ion  in human e ry th rocy tes  was 
in h ib i t e d  by carbon monoxide, occurred in the absence of NADPH and NADP, and 
was undetec tab le  in the absence of oxygen. The f ind ing  t h a t  oxygen was 
required to ca ta lyze  the formation of s tyrene  g lyco l  i s  i n d ic a t iv e  th a t  the 
g lycol was in f a c t  formed from styrene  oxide and not  d i r e c t l y  by the 
hydra tion  of s ty rene .  Lymphocytes (with  the a dd i t ion  of NADPH and NADP) 
were more a c t iv e  than red blood c e l l s  in styrene oxida t ion .

However, in  1982, Bei je  and Jenssen [230] conducted a mutagenicity  study 
with  an i s o l a t e d  perfused r a t  l i v e r  as a metaboliz ing system and Chinese 
hamster V79 c e l l s  as genet ic  t a r g e t  c e l l s .  Styrene oxide was rap id ly  
metabolized by the perfused l i v e r ,  and thus, no mutagenic e f f e c t  was 
de tec ted .  However, when s tyrene  was added to the pe r fus ion  system, an 
increase  in mutations in the V79 c e l l s  were observed rega rd le ss  of where in
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the c i r c u l a t i o n  perfus ion  medium the V79 c e l l s  were placed. The 
mutagenicity  of s tyrene  was f ive  times higher  as compared to using an S9 mix 
from the same r a t  s t r a i n  as the metaboliz ing system. The simultaneous 
a n a ly s i s  of s tyrene  oxide in  the pe r fus ion  medium ind ica ted  concen tra t ions  
only 2-4% of the o r ig in a l  amount of s tyrene .  Bei je  and Jenssen [230] 
suggested th a t  t h e i r  r e s u l t s  us ing the l i v e r  p e r f u s io n / c e l l  c u l tu re  system 
mimics the metabolism expected to be found in the i n t a c t  animal,  thus 
in d ic a t in g  th a t  s tyrene oxide i s  no t  the p r in c ip a l  mutagenic metaboli te  of 
s tyrene in  v ivo .

In  1977, Ryan and Bend [231] demonstrated th a t  b i l i a r y  excre t ion  of the 
g lu ta th ione  conjugate was dose-dependent with re sp ec t  to s ty rene  oxide In 
perfused r a t  l i v e r  p repara t io ns .  In 1977, a d d i t io n a l  work with  styrene 
oxide was reported  by Bend e t  a l .  [232] who perfused r a t  l i v e r s  ^n vivo by 
cannula t ion  of the p o r t a l  ve in ,  the thorac ic  vena cava, and the b i l e  duct.  
Using s tyrene  oxide a t  0-500 ymol per l i v e r ,  they found labeled 8-14C 
s tyrene  oxide bound to DNA, RNA, and p ro te in ,  even when the organ was 
chal lenged with  only 1 ymol of s tyrene  oxide. The binding increased with  
increas ing  s tyrene  oxide concen t ra t ions ,  and a t  500 ymol a marked increase  
in i t s  binding to p ro te in  was observed simultaneously with  microscopic 
changes of the l i v e r  and dep le t ion  of hepat ic  g lu ta th ione  [232].

SUMMARY

A summary of information on poss ib le  e f f e c t s  of styrene on hea l th  
follows.

E f fe c ts  on the Nervous System
Experimental exposures in humans to s tyrene have demonstrated th a t  

styrene causes CNS depression [68 ,69 ,70 ,71 ,72] ,  Within minutes of an 
exposure a t  800 ppm, 2 men experienced l i s t l e s s n e s s ,  drowsiness,  and 
impaired balance [68],  During a 1-hour exposure to 376 ppm, decrements in 
ba lance, coord ina t ion ,  and manual d e x te r i ty  t e s t s  were measured, and 
sub jec t ive  complaints of headache, nausea, and a f e e l in g  of s l i g h t  
in e b r i a t i o n  were reported [69] ,  A s i g n i f i c a n t  d i f fe rence  in reac t ion  time 
was noted in 12 sub jec ts  a f t e r  a 2-hour exposure th a t  included consecutive 
30-minute s tyrene exposures of 50, 150, 250, and 350 ppm [71].  Slower
reac t ion  times were found in 2 or 3 sub jec ts  during 90-minute exposures of 
50, 100, and 200 ppm; loss  of balance was found for  3 sub jec t s  during the 
90-minute exposure a t  200 ppm [72] ,  Subjective  complaints reported  by 6 
sub jec ts  during 90-minute s tyrene  exposures a t  50, 100, or 200 ppm included 
headache, f a t ig u e ,  s l eep in es s ,  malaise ,  d i f f i c u l t y  in  concen tra t ing ,  and a 
f e e l in g  of in to x ica t io n  [72],  During the course of a study l a s t i n g  a couple 
of weeks, which included a s e r i e s  of s tyrene exposures a t  20, 100, and 125 
ppm fo r  7.5 hours,  there were some changes in 3 of 6 sub jec ts  in both v isua l
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evoked response and GEG ampl itude, which the in v e s t ig a to r s  [70] deemed to be 
c o n s i s te n t  wi th  CNS depression.

However, there  have a l so  been experimental s tud ie s  showing s tyrene to 
have l i t t l e  e f f e c t  on the c e n t r a l  nervous system. A f te r  experimental 
styrene exposures of 50 ppm f o r  1 hour, 99 ppm fo r  7 hours,  117 ppm fo r  2 
hours,  or 216 ppm for  1 hour,  no s i g n i f i c a n t  CNS e f f e c t s  ( e . g . ,  decrements 
in  balance,  coord ina t ion ,  and manual d e x te r i ty )  were noted [69] .  No changes 
in  manual d e x te r i ty  or perceptua l  t e s t s  were noted a f t e r  consecutive 
30-minute exposures to 50, 150, 250, and 350 ppm [71].  Loss of balance was 
no t  found during 90-minute exposures to 50 or 100 ppm [72] ,  In  exposures
for  1, 3, or 7.5 hours to 20, 100, or 125 ppm of s ty rene ,  no d e le te r ious  
e f f e c t s  on equi l ib r ium,  cogni t ive  t e s t i n g  scores ,  or EMGs were found [70]. 
No s i g n i f i c a n t  op tok ine t ic  changes were noted in 5 sub jec ts  exposed to 300 
ppm of styrene  fo r  1 hour [73],

Workers exposed to s tyrene have experienced weakness [105],  increased 
reac t ion  times [111,392],  abnormal EEGs [63,106,108,118,124,125] ,  and 
headache, f a t ig u e ,  malaise ,  tens ion ,  or d izz iness  [59,63,67,82,84,94,101,102, 
105,106,108,109,110,112,113,123,138].  Styrene exposures in many of these 
s tud ies  were e i t h e r  no t  determined [63,67,101,108],  or were a t  times g re a te r  
than 100 ppm for  some of the workers [59,102,105,106,111,112,113,123,138].  
However, a t  one RP/C f a c i l i t y  where the average s tyrene exposure was 
estimated from ur inary  mandelic ac id  measurements to be about 30 ppm, 24% of 
the workers had EEGs judged to be abnormal [124].

There i s  some evidence of s tyrene-induced p e r ip h e ra l  neuropathy. In an 
in v e s t ig a t io n  of workers a t  a U.S. s tyrene  and polystyrene product ion p l a n t  
(with p o t e n t i a l  exposures to s ty rene ,  benzene, e thylbenzene, and to luene) ,  
r a d ia l  and peroneal  nerve conduction v e l o c i t i e s  were sa id  to be reduced, but 
comparative data on normal v e l o c i t i e s  were no t  given [81].  I t  was a lso  
reported in the same study [81] th a t  r a d i a l  and peroneal  nerve conduction 
v e lo c i t i e s  decreased with  increas ing  dura t ion  of exposure,  bu t  because 
appropr ia te  co r rec t ion s  fo r  age were n o t  made, i t  i s  no t  ev iden t  whether the 
decrement with  longer exposure was due to the longer exposure,  increas ing  
age, or a combination of both.  In  a Swedish study [123], 10 of 33 workers 
exposed to about 5-125 ppm of styrene  had evidence of a mild sensory 
neuropathy with  polyphasic sensory responses; these 10 workers were older  
than those no t  having signs of neuropathy, and they were more heavily  
exposed. The in v e s t ig a to r s  [123] specula ted th a t  age alone did no t  cause 
these e f f e c t s ,  bu t  t h a t  the e f f e c t s  of age and styrene  exposure might have 
been s y n e r g i s t i c .  I t  seems ev iden t  t h a t  more in v e s t ig a t io n  of nervous 
system e f f e c t s  i s  needed.

I r r i t a n t  E f fec ts
I r r i t a t i o n  of the eyes has occurred in human sub jec t s  undergoing single  

exposures [68,69,70,72] and in workers during repeated exposures
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[35,53,58,61,104,110,113,126]  to s ty rene .  Styrene has a l so  been reported  to 
cause s u p e r f i c i a l  t r a n s i e n t  burns of the human cornea [55].  I r r i t a t i o n  of 
the r e s p i r a to r y  t r a c t  has occurred in human sub jec ts  [68,69,70,72]  and in 
workers [35,53,59,56,93,104,113,123,126] exposed to s ty rene .  As would be 
expected s ince  styrene i s  a d e f a t t i n g  agent,  s tyrene i s  a primary skin
i r r i t a n t  [234],  and has caused d e r m a t i t i s ,  including a rash  and chapped skin
in  workers [54,56,61,91,104,113,122,126].

Volunteer sub jec t s  exposed to s tyrene  vapor a t  800 ppm had Immediate 
eye, nose,  and th ro a t  i r r i t a t i o n  [68] ,  At 376, 216, and 99 ppm, human
subjec ts  developed eye or r e s p i r a to r y  t r a c t  i r r i t a t i o n  w i th in  20 minutes of 
the s t a r t  of exposure [69],  In another  experimental study [70],  the 
incidence of eye, nose,  and th ro a t  i r r i t a t i o n  fo r  male sub jec t s  was 13% a t  0 
ppm, 17% a t  20 ppm, 20% a t  100 ppm, 33% during exposures f lu c tu a t i n g  between
75 and 125 ppm, and 45% a t  125 ppm s ty rene ;  the incidence of eye, nose,  and
th ro a t  i r r i t a t i o n  fo r  female su b jec t s  was 8% a t  0 ppm and 32% a t  100 ppm. 
I r r i t a t i o n  of the eyes was noted by vo lunteer  sub jec ts  in another  study [72] 
during s tyrene  exposures of 50, 100, 200, and 300 ppm.

Workers exposed to styrene in re inforced  p l a s t i c s  a pp l ica t ions  
complained of eye and r e s p i r a to r y  t r a c t  i r r i t a t i o n ,  bu t  were able  to
to l e r a t e  styrene exposures in excess of 500 ppm for  severa l  hours a t  a time 
[35],  Among 35 re inforced  p l a s t i c s  workers exposed to styrene a t  
44-550 ppm, 34 complained of some s o r t  of eye, nose,  or th ro a t  i r r i t a t i o n ;  
and about ha l f  of them complained of wheezing, shortness  of b re a th ,  or ches t  
t igh tness  [104]; exposure to an isocyanate  (MDI) might have contr ibu ted  to 
some of these e f f e c t s .  Complaints of wheezing and c hes t  t igh tness  have a lso  
been noted in workers during an i n v e s t ig a t io n  of a s tyrene and polystyrene 
product ion p l a n t  [82];  however, sp irometr ic  s tud ie s  of airway e f f e c t s  did 
no t  suggest s i g n i f i c a n t  changes, nor was there any rad io log ic  evidence of 
s i g n i f i c a n t  lung change observed. In a fac tory  where re in fo rced  p l a s t i c s  
were made, workers exposed to TWA styrene  concen tra t ions  of 9-111 ppm
(average 69 ppm) complained of c h es t  t igh tness  (23% of the workers),  
wheezing (18%), and shortness  of b re a th  (54%), bu t  v e n t i l a to r y  funct ion  was 
s i g n i f i c a n t l y  changed during the s h i f t  only in those workers t h a t  smoked 
[113]. Among 21 workers exposed to s tyrene  a t  about 75 ppm for  about 10 
years a t  another  RP/C p l a n t  [114],  there  were four cases of reduced FEV^, 
but whether the cause was age, s tyrene  exposure,  or o ther  f a c to r s  was not  
c l e a r .  As compared to c o n t ro l s ,  a s i g n i f i c a n t l y  g re a te r  number of RP/C
workers in  another  c l i n i c a l  study had abnormal pulmonary funct ion  [91].

I r r i t a t i o n  of the eyes and upper r e s p i r a to r y  t r a c t  has occurred in some 
workers and experimental sub jec ts  a t  styrene concen tra t ions  well  below 
200 ppm. More research  in to  long-term r e s p i r a to ry  e f f e c t s  of s tyrene is  needed.
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E ffe c ts  Involving the Liver
Various c l i n i c a l  s tud ies  [82,96,103,113,115,116,120] have suggested th a t  

s tyrene exposure has a f fe c t ed  l i v e r  func t ion ,  based on seve ra l  t e s t s .  Among 
the f ind ings ,  which may in d ic a te  l i v e r  func t ion  changes, were e levated  serum 
enzyme a c t i v i t i e s  [82,96,103],  e leva ted  serum u r i c  ac id  [113],  increased 
glucose to lerance  [115,116,120],  and a low glucose a s s im i l a t io n  c o e f f i c i e n t  
[116],  In one study designed to in v es t ig a t e  l i v e r  funct ion  among 
polystyrene product ion workers, the authors  [96] concluded th a t  styrene 
exposure caused hepatic  dysfunction r e f l e c t i n g  metabolic d i s tu rbances ,  bu t  
no t  of a pa tho log ica l  degree.

A c l e a r - c u t  trend toward a l t e r e d  l i v e r  funct ion  has no t  been 
demonstrated. In a d d i t io n ,  the more commonly used t e s t s  such as changes in 
serum enzyme leve ls  of hepat ic  o r ig in  were no t  always used. Animal s tud ies  
[53] have suggested th a t  styrene i s  hepato toxic  only a t  concen tra t ions  much 
higher  than those found in the workplace. Damage to the hepatic  parenchyma 
of r a t s  a f t e r  a s ing le  exposure to s tyrene  vapor a t  2,500 ppm fo r  up to 21 
hours was reported  by one group of in v e s t ig a to r s  [53],  who a l so  repor ted 
increases  in the l i v e r  weights of r a t s  repeatedly  exposed to s tyrene  vapor 
a t  1,300 ppm for  130-139 days.  However, they found no l i v e r  damage in 
guinea pigs exposed a t  650 ppm or r a b b i t s  and monkeys exposed a t  1,300 ppm 
fo r  s im i la r  per iods .  Another group [169] noted parenchymal a l t e r a t i o n s  and 
congest ion in the l i v e r  of r a t s  i n t e r m i t t e n t l y  exposed fo r  2 weeks to 300 
ppm of styrene  6 hours per day, 5 days per week. Research to c l a r i f y  the 
ro le  of styrene on l i v e r  s t a t u s  is  needed. Meanwhile, fo r  worker 
p r o te c t io n ,  l i v e r  function should be p e r io d i c a l l y  assessed due to the 
importance of th i s  organ in the b io transformat ion  and d e to x i f i c a t io n  of 
toxic  substances .

Mutagenicity
Many in  v i t r o  t e s t s  of mutagenicity  have ind ica ted  t h a t  s tyrene  has no 

mutagenic a c t i v i t y .  This has been found with  Ŝ _ typhimurium s t r a i n s  TA 98, 
TA 100, TA 1535, TA 1537, and TA 1538 [172,173,174,176] as well  as with
E. c o l i  K12 [174], the yeas t s  S. pombe and S. c e re v l s l ae  [175],  and cu l tu red
Chinese hamster V79 c e l l s  [175,176].  However, a few s tud ie s  [171,177,178] 
have found weak evidence of the mutagenicity  of styrene in typhimurium 
s t r a i n s  TA 98 and TA 1538. Styrene oxide has been shown to be mutagenic 
toward S. typhimurium TA 100 and TA 1535 [171,172,173,174,176,178],
E. c o l i  K12 [174], the yeas ts  Ŝ _ pombe and c e re v l s i a e  [175],  and Chinese
hamster V79 c e l l s  [175].

There was increased uptake of t r i t i a t e d  thymidine in to  the DNA of
he te rop lo id  human c e l l s ,  r e f l e c t i n g  unscheduled DNA sy n the s i s ,  following 
treatment with  styrene oxide bu t  no t  wi th  styrene [176],  Chromosomes from 
human lymphocytes incubated with  s tyrene or s tyrene  oxide had more 
abnorm al i t ies  than c o n t ro l s ,  though the abnormal i t ies  in chromosomes in 
s ty re n e - t r e a t e d  c e l l s  were d i f f e r e n t  from those in  the styrene ox ide - t rea ted
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c e l l s  [179], Doubts about the a p p l i c a b i l i t y  of t h i s  in  v i t r o  t e s t  are  
amplif ied by the suggestion of the i n v e s t ig a to r s  [179] th a t  im pur i t ies  in 
the s tyrene p repara t ion  might have been respons ib le  fo r  the e f f e c t s .  
However, a l a t e r  study by the same group [181] showed a c l e a r  dose-response 
r e l a t io n s h ip  in the induction of s i s t e r  chromatid exchanges (SCE) in human 
whole blood lymphocyte c u l tu re s  t r e a t e d  wi th  s tyrene .

In  vivo t e s t s  have a l so  given c o n f l i c t i n g  r e s u l t s .  In a host-mediated 
assay [175], a high dose of s tyrene  ( i . e . ,  1 g/kg) produced gene conversions 
in  the y e a s t  c e re v ls iae  which had been in je c te d  ip in to  mice. Mice 
in tubated  with  styrene  oxide, bu t  no t  those in tubated  with  s ty rene ,  had a 
s i g n i f i c a n t l y  e leva ted  incidence of chromosomal a b e r r a t io n s  in bone marrow 
c e l l s  removed 24 hours a f t e r  a d m in is t r a t io n  of the dose [176],  An increase 
in  the frequency of SCE in a lv e o la r  macrophages, in  bone marrow c e l l s ,  and 
in regenera t ing  l i v e r  c e l l s  was observed in mice exposed to s tyrene a t  
565 ppm for  6 hours per day fo r  4 days [183].  Chromosomal breaks were a lso  
found in  the bone marrow of r a t s  exposed to s tyrene vapor [184],  bu t  no t  in 
mice [176] or hamsters [185]. Styrene has a l so  caused recess ive  l e th a l  
mutations in  f r u i t  f l i e s  [187],

Chromosomal changes were found to be more f requent  in the lymphocytes of 
styrene-exposed workers in seve ra l  European RP/C f a c t o r i e s  than among 
con tro l s  [76,129,130,131,132].  An increased frequency of SCE in the 
lymphocytes of s tyrene-exposed workers has a l so  been repor ted  [132]. 
However, o ther  s tud ie s  of workers exposed to s tyrene have shown no 
s i g n i f i c a n t  increases  in e i t h e r  chromosomal a b e r r a t io n s  [134,136] or SCE 
[136],  In a study of unscheduled DNA synthes is  in lymphocytes of 
styrene-exposed workers,  s tyrene  did no t  a l t e r  the e f f i c ie n c y  of DNA r e p a i r ,  
bu t  r a th e r  predisposed the lymphocytes to an increased r i s k  fo r  DNA damage 
from subsequent exposures to genotoxic agents  [137].

The reasons fo r  the d i f f e r e n t  r e s u l t s  in the many t e s t s  of mutagenicity 
of s tyrene a re  no t  known, so a conclusion on whether s tyrene  i s  a mutagen 
seems premature. I t  may be t h a t  these d i f f e r e n t  r e s u l t s  r e f l e c t  the 
d i f f e r e n t  c a p a b i l i t i e s  or e f f i c i e n c i e s  of metabolism by the var ious  species 
or mutagen assay systems; fo r  example, i f  one species hydra tes styrene 
epoxide as soon as i t  i s  formed, s tyrene should be le s s  po ten t ,  or even 
in a c t iv e ,  as a mutagen than in  another  species lacking the a b i l i t y  to 
in a c t iv a t e  the epoxide so rap id ly .  (This argument i s  based on the 
reasonable a lthough unproved premise t h a t  s tyrene epoxide formation is  the bas is  fo r  any muta t ions . )

Reproductive E f fec ts
Congenital  de fec ts  in c h i ld re n  whose mothers had been occupational ly  

exposed to s tyrene  were repor ted  by Holmberg [66];  a more thorough 
in v e s t ig a t io n  i s  needed to v e r i f y  the im plica t ions  of these f ind ings .  The 
find ing  of s ty rene ,  a t  uns ta ted  concen t ra t ions ,  in um bil ica l  cord blood [65] 
suggests t h a t  styrene can cross  the p lacen ta ;  in  these cases ,  the
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source of the s tyrene exposure of the mothers was no t  found. P lacen ta l  
t r a n s f e r  of s tyrene  In r a t s  has a l so  been noted [189]. An increased r a t e  of 
spontaneous abor t ions  observed among F innish  styrene  workers [139] might be 
compatible with  f ind ings  of cy togene t ic  e f f e c t s  or of t e r a t a ;  thus,  desp i te  
lack of confirmation of th i s  study,  the f inding warrants  concern. A l a t e r  
s tudy, however, found no d i f fe re nc e  in the number of spontaneous abor t ions 
between s tyrene  workers and a group of age- and so c ia l  class-matched 
con t ro l s  wi th  no so lven t  exposures [140],

Ragul 'ye [190] found an increased incidence of p re - im p lan ta t ion  loss  and 
t o t a l  embryo m o r ta l i ty  in female r a t s  t h a t  had been exposed to styrene a t  12 
ppm fo r  4 hours per  day throughout g e s t a t i o n .  The study by Vergiyeva e t  a l .
[191], conducted l i k e  th a t  of Ragul 'ye [190] but involving a h igher  styrene 
exposure concen tra t ion  of 47 ppm, found no s i g n i f i c a n t  evidence of 
embryotoxici ty ,  thereby r e f u t in g  the Ragul 'ye study. Murray e t  a l .  [192] 
in v es t ig a ted  t e r a to g e n ic i ty  in r a t s  and r a b b i t s  exposed to styrene by 
in h a la t io n  of vapor or by in tuba t ion  of l iqu id  and found no s i g n i f i c a n t  
evidence t h a t  styrene i s  t e ra togen ic ;  however, the dams were n o t  exposed 
during the f i r s t  or l a s t  t r im e s te r  of g e s ta t io n .  None of these three 
in v e s t ig a t io n s  [190,191,192] found evidence of t e r a t o g e n ic i t y .  S im i la r ly ,  
Kankaanpaa e t  a l .  [193] did no t  f ind  a s i g n i f i c a n t  excess of malformed 
fe tuses  from mice and hamsters exposed to s tyrene  vapor;  however, 
f e t o t o x i c i t y  (an excess of dead or resorbed f e tu se s )  was found from hamsters 
exposed on days 6-18 of pregnancy a t  1,000 ppm s ty rene ,  bu t  no t  a t  lower 
concen t ra t ions .  Ponomarkov and Tomatis [196] found a s i g n i f i c a n t l y  g re a te r  
pre-weaning m o r ta l i ty  of progeny of female 020 mice adminis te red a s ing le  
1,350 mg s tyrene /kg  dose by stomach tube on day 17 of g e s t a t i o n ;  s i g n i f i c a n t  
r e s u l t s  were no t  found in s im i l a r  experiments with  C57 Bl mice or BD IV 
r a t s .  A study [170] sponsored by the Chemical Manufacturers Associa t ion 
concluded t h a t  s tyrene  adminis tered in  the dr inking water had no d e le te r io u s  
e f f e c t s  on the reproductive  capac i ty  of r a t s  through three genera t ions .

In summary, styrene does no t  appear to be te ra to g e n ic ,  embryo tox ic ,  or 
f e to to x ic  bu t  f u r th e r  in v e s t ig a t io n s  of the reproductive  outcomes of workers 
exposed to s tyrene  are  needed.

Carc inogenic i ty
The poss ib le  ca rc inogen ic i ty  of styrene has been in ves t ig a ted  by

long-term adm in is t ra t ion  to rodents  [195,196,197,198],  One of these 
in v e s t ig a t io n s  [195] involved vapor exposure.  That study, which used r a t s ,  
r e s u l t e d  in an increase  in  the combined incidence of leukemia and 
lymphosarcoma in female r a t s  only t h a t  was no t  s t a t i s t i c a l l y  s i g n i f i c a n t .  
There was a high incidence of i n t e r c u r r e n t  d isease  ( i . e . ,  chronic murine 
pneumonia) in  the male r a t s  such t h a t  conclus ions from the in v e s t ig a t io n  are  
in app ropr ia te .  In another  study [196],  styrene was adminis te red in  o l ive  
o i l  by stomach tube to one s t r a i n  of r a t s  and two s t r a i n s  of mice. There
was a s t a t i s t i c a l l y  s i g n i f i c a n t  increase  in lung adenomas and
adenocarcinomas only in female mice of one s t r a i n ;  the authors  [196]
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suggested t h a t  t h e i r  data  provided weak evidence of the carc inog en ic i ty  of 
s ty rene .  An NCI in v e s t ig a t io n  [197] a l so  developed equivocal evidence. 
There was a s i g n i f i c a n t  increase  in lung adenomas and adenocarcinomas in 
male mice (when compared with  matched con t ro l s  but no t  when compared with  
h i s t o r i c a l  c o n t r o l s ) ,  bu t  no t  in female mice or r a t s .  NCI [197] concluded 
t h a t  the data  provided "sugges t ive"  bu t  n o t  "convincing" evidence of the 
ca rc inogen ic i ty  of s ty rene ,  and recommended another  experiment to help 
resolve  the po in t .  A companion experiment [198], involving the 
adm in is t r a t ion  of a mixture of s tyrene  and b e t a - n i t r o s ty r e n e ,  a lso  gave 
equivocal  r e s u l t s .

M or ta l i ty  s tud ie s  of workers exposed to styrene have n o t  shown an excess 
cancer m o r ta l i ty  [31,78,83,84,142].  There have, however, been suggestions
of an excess of leukemia. Nicholson e t  a l .  [83] s tud ied  the m or ta l i ty  
experience in one U.S. s tyrene  and polystyrene product ion p l a n t ,  and found 
83 t o t a l  deaths vs.  106 expected among those exposed 5 years  or more. There 
was no excess of deaths from cancer or from any of the nonneoplast ic
d iseases  examined such as ca rd iovascu la r  or r e s p i r a to r y  d isease .  The 
in v e s t ig a to r s  [83] a n t i c ip a t e d  an excess of leukemia because of previous 
exposure of many of these workers to benzene; they found two cases of 
leukemia and one of lymphoma in the study group. They examined 361 death 
c e r t i f i c a t e s  of other  workers employed a t  l e a s t  6 months a t  the p l a n t  and 
f ive  a d d i t io n a l  cases of leukemia and four of lymphoma were found. The
i n v e s t ig a to r s  [83] concluded t h a t  the information found regarding leukemia 
was not  d e f i n i t i v e .

In a U.S. styrene product ion p l a n t ,  O t t  e t  a l .  [31] found fewer to t a l
deaths (303 vs.  425) and fewer cancer  deaths (58 vs.  76.5) among 2,904
workers a t  four  p lan t s  than would be expected from the U.S. white male
popula t ion .  Most of these workers had been exposed to low le v e ls  of styrene 
during t h e i r  employment (TWA concen tra t ions  were 10 ppm or l e s s ) .  The 
m or ta l i ty  data on the styrene workers ( i . e . ,  production and non-profess iona l  
research)  was a l so  compared with  previous m or ta l i ty  experiences from th a t  
company, and the styrene workers had a lower t o t a l  m o r t a l i ty  and a lower 
cancer m o r ta l i ty .  However, there  was a s i g n i f i c a n t  excess (p<0.05) of 
leukemia deaths compared with  o ther  company workers (6 observed vs.  1.6 
expected) ,  a lthough the excess was no t  s i g n i f i c a n t  when compared with  the 
U.S. popula tion  (6 vs.  2 .9 ) .  Most of the excess was due to lymphatic 
leukemia. Some workers had been exposed many years e a r l i e r  to high leve ls
of benzene, but whether those men with  leukemia had been exposed to benzene
was n o t  ev iden t .

No excess of cancer was seen in a German s tyrene and polystyrene p lan t
[78], In th a t  study, 74 death c e r t i f i c a t e s  were examined, and there  were 12 
deaths from cancer,  3 of them from lung cancer,  n e i t h e r  s i g n i f i c a n t l y  
d i f f e r e n t  from the comparison groups.

In a study of 1,205 re in fo rced  p l a s t i c s  workers in Sweden [142], where 
exposure leve ls  were thought to be 150-300 ppm styrene  in r ec e n t  years and 
higher  in the p a s t ,  a s l i g h t  bu t  n o n s ig n i f i c a n t  decrement in cancer
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incidence from th a t  expected in the Swedish popula tion  was found. The 
la tency period was no t  high fo r  many of the workers, so f u r th e r  followup 
might revea l  more cases  of cancer.

From the experimental animal in v e s t ig a t io n s  and from the epidemiological  
s tu d ie s ,  there seems l i t t l e  b a s i s  to conclude th a t  s tyrene  i s  carc inogenic .  
I f  styrene oxide i s  an in te rmedia te  m etabo l i te ,  covalent  binding to nuc le ic  
acids  leading to cancer development might be p red ic ted ;  however, there  i s  
l i t t l e  evidence th a t  th i s  epoxide i s  formed ^n v ivo . Nonetheless,  the 
enzyme ca ta lyz ing  the formation of th i s  epoxide from carbon-carbon double 
bonds e x i s t s  in many t i s s u e s ,  as do the enzymes ca ta lyz ing  the hydra tion or 
o ther  i n a c t iv a t io n  of the epoxide. I f  these enzymes a re  in  the same c e l l s ,  
i t  may be th a t  the epoxide i s  formed and then rap id ly  deac t iva ted ;  i f  i t  
e x i s t s  long enough, i t  might be carc inogenic .  This specu la t ion ,  i f  v a l i d ,  
could suggest  t h a t  s tyrene i s  a weak carcinogen. Examination of the r a t i o s  
of these enzymes in various t i s s u e s  of severa l  animal spec ies  [220,227] 
suggests t h a t  the mouse should be one of the more s e n s i t i v e  spec ies .  Two 
s tud ie s  of experimental carc inogenes is  [196,197] found p o s i t i v e  r e s u l t s  only 
in mice, a po in t  compatible with  the specu la t ion ,  even i f  n o t  proving i t .  
Suspicions th a t  the epoxide may be s t a b le  long enough to r e a c t  wi th  other  
molecules before being in ac t iv a t ed  a re  enhanced by evidence [235] t h a t  the 
cytochrome P-450 monooxygenase system is  no t  c lo se ,  in  a s p a t i a l  sense,  to 
epoxide hydratase  and to t r a n s fe ra se s  in  the endoplasmic ret iculum.

Thus, while i t  does no t  seem appropr ia te  from p re sen t ly  a v a i l a b le  
evidence to conclude th a t  s tyrene  can cause cancer among exposed workers,  
there is  enough reason to suggest i t  might be a t  l e a s t  a weak carcinogen, 
and p r i o r i t y  should be given to f u r t h e r  s tud ie s  of th i s  problem.

While severa l  experimental t e s t s  of the ca rc inogen ic i ty  of styrene oxide 
have been inconclusive [199,200,201],  an in v e s t ig a t io n  in I t a l y  [202] 
developed persuasive  evidence th a t  s tyrene  oxide can cause stomach tumors in 
r a t s  adminis tered the compound by i n t r a g a s t r i c  c a th e t e r .  I t  seems reasonable 
to p r e d i c t  t h a t  adm in is t ra t ion  of th i s  compound by in h a l a t io n  could cause 
tumors of the r e s p i r a to r y  t r a c t ,  and th a t  s tyrene oxide could cause cancer 
in humans.

Uptake, Metabolism, and El iminat ion
Liquid styrene i s  r ea d i ly  absorbed through i n t a c t  skin of man [151] and 

of animals [165].  Moreover, s tyrene  vapor can pene t ra te  the skin of man 
[154],  although le ss  e f f i c i e n t l y  than the l iqu id .  Styrene i s  a l so  re ta ined  
a f t e r  in h a la t io n  of the vapor, with  r e t e n t io n  r a t e s  repor ted  to vary from 60 
to 75% [69,88,143,146].

Absorbed s tyrene is  e liminated  from humans mostly in the ur ine  as 
m e tabo l i tes ,  bu t  some e xcre t ion  of unchanged s tyrene  from the lungs occurs 
[91].  Metaboli tes  reported in human ur ine  include mandelic ac id  [35,72,88, 
109,125,144,151,159],  phenylglyoxylie ac id  [35,144,159],  and, a t  higher
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doses,  h ippur ic  acid  [68,159].  These are  a lso  the most commonly found 
m etabo l i tes  in the ur ine  of s t y r e n e - t r e a t e d  experimental animals [53,206,207, 
210,211,212,213,217,219],  but o ther  m etabo l i tes  have a lso  been found, 
namely, mercapturic  ac ids  [53,210,214,219],  benzoic ac id  [206,207,217],
4-vinylphenol  [216,217],  2-phenylethanol  [216],  phenacetu ric  acid  [215],  and 
phenylglycol [210,212], some of which may be excreted as conjugates of 
glucuronic  ac id  or g lu ta th ione  [68,203,210,213].

Styrene oxide, a l so  known as styrene  epoxide, has been proposed 
[224,225] as an in te rmedia te  in the metabolism of s ty rene ,  bu t  i t  has no t  
been found ^n v ivo . However, phen o b a rb i ta l - ac t iv a ted  r a t  microsomes 
converted s tyrene  to the epoxide [224] as determined by an i n d i r e c t  method.

An epoxide-forming enzyme (monooxygenase) has been found in a number of 
t i s su e s  of mice, r a t s ,  guinea p ig s ,  and r a b b i t s  [226,227],  bu t  an epoxide 
i n a c t iv a t in g  enzyme (g lu t a th io n e - S - t r a n s f e r a s e  or epoxide hydra tase)  was 
a l so  p re sen t  in these same t i s s u e s .  Thus, i t  seems poss ib le  t h a t  s tyrene i s  
converted to styrene epoxide and i s  then f u r th e r  converted to such f i n a l  
products as mandelic and phenylglyoxyl ie  a c id s .  Whether s tyrene  oxide ( i f  
formed) i s  p re sen t  long enough to bind cova len t ly  to gene t ic  m ate r ia l  or 
other  macro molecules i s  no t  known; from i n d i r e c t  evidence, s t y r e n e ' s  lack 
of potency in causing mutations or  tumors suggests t h a t  styrene oxide, i f  
formed, i s  p re sen t  only b r i e f l y .

This a b i l i t y  of epoxides to a lk y l a t e  or a r y l a t e  nuc le ic  ac id ,  thereby 
presumably leading to germinal or somatic muta tions,  i s  the major concern in 
the ques t ion  of intermediary metabolism of s ty rene .

Other E f fec ts
Other e f f e c t s  reported among styrene-exposed persons include g a s t r a lg i a  

and nausea [72,101,102,104,109,110],  nose bleed [93,104,105],  blood 
dyscras ias  [102],  lowered a r t e r i a l  blood pressure  [94],  e levated  blood 
pressure  [105],  enlarged thyroid [113], r e t ro b u lb a r  n e u r i t i s  [57],  
thrombosis of the c e n t r a l  r e t i n a l  ve in  [62],  g a l l  b ladder  inflammation 
[74,105],  decreased v i s ion  [59] ,  decreased a lcohol  to le rance  [128], abnormal 
thyroid s ize  [113], and psychas thenia  [64].  I t  does no t  seem appropr ia te  to 
a t t r i b u t e  these to s tyrene absorp t ion  (except  perhaps fo r  the 
g a s t r o i n t e s t i n a l  e f f e c t s )  on the b as i s  of these few, unconfirmed 
observa t ions .

Conclusion
Styrene is  r ea d i ly  absorbed by the r e s p i r a to ry  and g a s t r o i n t e s t i n a l  

systems, and the sk in .  Exposures to styrene have caused CNS depression; 
sub jec t ive  complaints included headache, f a t ig u e ,  s l ee p in es s ,  nausea,
mala ise,  d i f f i c u l t y  in concen tra t ing ,  and a f e e l i n g  of in to x ic a t io n .
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Decrements in balance,  coord ina t ion ,  and manual d e x te r i ty  t e s t s  have a l so  
been repor ted ,  as have slower r e a c t io n  times and abnormal EEGs. Styrene 
vapor i s  a l so  an i r r i t a n t  to the eyes and upper r e s p i r a to r y  system, and 
l iq u id  s tyrene  i s  a skin i r r i t a n t .  Various c l i n i c a l  s tud ie s  have suggested 
t h a t  s ty rene  exposure has a f f e c t e d  l i v e r  funct ion .

Limited human data suggest t h a t  s tyrene  might be te ra togen ic ,  but 
seve ra l  s tud ie s  with  experimental animals in d ic a te  th a t  i t  i s  no t .  Most, 
bu t  no t  a l l ,  _in v i t r o  s tud ie s  suggest t h a t  styrene is  no t  mutagenic,  but 
some mammalian s tu d ie s ,  including observa t ions  of seve ra l  groups of s tyrene  
workers, suggest  cytogenetic  changes may r e s u l t  from working with  s tyrene .  
An increased r a t e  of spontaneous abor t ions  was observed in one group of RP/C 
workers,  bu t  no t  in another  group. Styrene has been a s soc ia ted  with  an 
increase  in lung tumors (a l though not  c o n s i s t e n t ly  among spec ies)  in  two 
experimental animal s tu d ie s ,  while another  study showed an e le v a t io n ,  though 
not  s t a t i s t i c a l l y  s i g n i f i c a n t ,  in the combined incidence of leukemia and 
lymphosarcoma in female r a t s .  M or ta l i ty  s tud ie s  of s tyrene  workers have 
shown no excesses in o v e ra l l  cancer  incidence. However, excesses  of deaths ,  
though no t  s t a t i s t i c a l l y  s i g n i f i c a n t ,  have been repor ted  in the sp e c i f i c  
cancer  ca tego r ies  "Lymphatic and Hematopoietic,  except Leukemia" and 
"Leukemia."

Most of the styrene absorbed by humans i s  excreted in the ur ine  as 
mandelic and phenylglyoxyl ic  a c id s ,  and the u r ina ry  concen tra t ions  of the 
two or of j u s t  mandelic ac id  r e f l e c t  amounts of s tyrene absorbed through the 
r e s p i r a to r y  t r a c t  and through the skin  (as well  as through the 
g a s t r o i n t e s t i n a l  t r a c t ,  i f  poor hygiene and work p ra c t i c e s  allow in ges t io n ) .
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V. RECOGNITION OF THE HAZARD 

Environmental Sampling and A na ly t ica l  Methods
The following d iscuss ion  about the methods of sampling and a n a ly s i s  of 

s tyrene  b r i e f l y  descr ibes  var ious  methods th a t  have been used or proposed. 
While the recommended methods of sampling and an a ly s i s  w i l l  u sua l ly  be the 
most u s e fu l ,  loca l  f a c to r s ,  e . g . ,  a v a i l a b i l i t y  of equipment, knowledge of 
usual concen tra t ions ,  confounding v a r i a b le s ,  exposure p a t t e r n s ,  e t c .  may 
make another  method de s i r a b le .

(a) Sampling Methods
(1) Absorption Methods
Airborne styrene has been absorbed in to  l i q u id s  in  g lass  impingers 

or bubble rs .  The l iq u id  may be i n e r t  to styrene [35,236,237,238,239,
240], may r e a c t ,  or may con ta in  so lu te s  th a t  r e a c t  wi th  styrene to form 
su i t a b le  d e r iv a t iv e s  [241,242,243,244],  Cooling has sometimes been employed 
to minimize evaporat ion lo s se s  and increase  trapping e f f ic ie nc y  
[98,107,236,238,242],  Liquids t h a t  have been used to c o l l e c t  s tyrene  from 
a i r  include e thanol [35,236,237,241,245],  isopropanol [107],  methanol [98],  
g l a c i a l  a c e t i c  acid  [238], isooctane [240], concentrated s u l f u r i c  acid  
[246],  d i l u t e  s u l f u r i c  ac id  [243],  cold carbon t e t r a c h l o r id e  [98],  and 
n i t r i c  acid  in s u l f u r i c  acid  [242,244],  Some of these l i q u id s  a re  corros ive  
or otherwise tox ic ,  so t h e i r  use in  a manner th a t  might r e s u l t  in con tac t  
with  workers ( e . g . ,  from broken impingers) i s  undes i rab le .  Also, l iqu id  
impingers should be avoided when poss ib le  because they may impose 
r e s t r i c t i o n s  on a worker 's  a c t i v i t i e s  to avoid s p i l l a g e .

(2) Adsorption Methods
Styrene has been adsorbed onto the surface  of so l id  sorbents such 

as s i l i c a  ge l [107,238,245,247,248],  porous polymers [249,250],  and 
a c t iv a te d  carbon [249,251,252,253,254,255,256,257],

In 1965, s i l i c a  ge l ,  as a c o l l e c t i o n  medium fo r  s ty rene ,  was 
evaluated by Van Mourik [107] during i n d u s t r i a l  hygiene surveys.  By 
c o l l e c t in g  dup l ica te  f i e l d  samples over a 4-year period a t  a i rborne  styrene 
concen tra t ions  averaging 20 ppm, Van Mourik [107] found t h a t  the r e l a t i v e  
standard dev ia t ion  of dup l ica te  samples was 4.6%. Styrene was desorbed by 
isopropyl a lcoho l .  To in v e s t ig a t e  the s t a b i l i t y  of adsorbed s tyrene , 
dup l ica te  samples were c o l l e c te d  in midget impingers conta in ing  isopropyl 
a lcoho l ;  r e s u l t s  with  s i l i c a  ge l were always h igher .  Van Mourik [107] 
concluded th a t  s i l i c a  gel c o l l e c t e d  styrene e f f i c i e n t l y  and th a t  the 
adsorbed s tyrene was s t a b l e .  In  1966, Campbell and Ide [245] obtained 
comparable recover ies  of s tyrene  from both s i l i c a  gel and an e thanol  bubbler 
over the range of 10-200 ppm.
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Styrene adsorbed on porous polymers or charcoal can be removed by 
hea t ing  [249] and can be conveyed d i r e c t l y  in to  a gas chromatograph, thereby 
avoiding d i l u t i o n  of styrene wi th  a so lven t .  In  1976, Park.es e t  a l .  [249] 
found a r e l a t i v e  standard dev ia t ion  of 4.3% from the a n a ly s i s  of samples 
c o l l ec te d  from a i r  conta in ing 11.8 ppm of s ty rene ;  the t o t a l  amount of 
s tyrene  c o l l e c te d  was 5 yg. By removing s tyrene  from a c t iv a t e d  charcoal  
wi th  hea t ,  they found a lower d e te c t io n  l i m i t  of 0.2 ppb in 1 0 - l i t e r  a i r  
samples. Ex t rapo la t ing  th i s  d e te c t io n  l i m i t  to s tyrene  d issolved in 1 ml of 
carbon d i s u l f i d e ,  Parkes e t  a l .  [249] es timated th a t  the de te c t io n  l i m i t  of 
s tyrene would be 40 ppb in a 1 0 - l i t e r  a i r  sample. This e s t imate  does no t  
consider  poss ib le  problems th a t  may be a s soc ia ted  with  recovery and so lvent  
i n te r f e re n c e .  A disadvantage of us ing thermal desorp t ion  i s  t h a t  the e n t i r e  
sample i s  u sua l ly  used fo r  a s ing le  a n a l y s i s .

Charcoal as a c o l l e c t i o n  media fo r  s tyrene  has been ex tens ive ly  
s tudied  [249,251,252,253,254,255,256,257,258,259],  In an i n i t i a l  study in 
1966, F ra u s t  and Hermann [251] obtained f ive  r e p l i c a t e  samples from a i r  
conta in ing 100 ppm of s tyrene by sampling fo r  10 minutes a t  200 ml/min. Each 
sample was analyzed in t r i p l i c a t e  and a r e l a t i v e  standard dev ia t ion  of 7% 
was found. The in v e s t ig a to r s  [251] found th a t  when an atmosphere conta in ing 
100 ppm of styrene  was sampled a t  1 l i t e r / m i n ,  the c o l l e c t i o n  e f f i c ie n c y  was 
85%, but  when the same atmosphere was sampled a t  100 ml/min, the c o l l e c t io n  
e f f i c ie n c y  was only 30%. This r a t h e r  unexpected v a r i a t i o n  in sampling 
e f f i c ie n c y  with  re sp ec t  to sampling r a t e  has n o t  been confirmed by o ther  
i n v e s t ig a to r s .

In 1978, using four  charcoal tubes in s e r i e s ,  each tube conta in ing 
350 mg of charcoa l ,  and by sampling a t  200 ml/min, Severs e t  a l .  [252] 
recovered 93-100% of styrene under varying r e l a t i v e  humid it ies  (23-80%), 
sample volumes (70-95 l i t e r s ) ,  and styrene  concen tra t ions  (0.4-14 ppm). The 
sm al les t  quan t i ty  of styrene c o l l e c t e d  during th i s  study [252] was 
equ iva len t  to sampling 10 l i t e r s  of a i r  a t  4 ppm. This study demonstrates 
t h a t  styrene  can be recovered in high y ie ld s  from charcoal tubes i f  
breakthrough can be avoided, in d ic a t in g  t h a t  desorp t ion  e f f i c ie n c y  i s  
adequate.

In 1977, Saalwaechter e t  a l .  [258] a l so  studied s tyrene  s t a b i l i t y  
on charcoal tubes under varying cond i t ions :  temperature (-13 to 48°C),
storage time (1-80 days),  and l i g h t  (19 days of s u n l ig h t ,  l i g h t  from a sun 
lamp fo r  24 hours,  or no l i g h t ) .  The i n v e s t ig a to r s  [258] concluded th a t  the 
s t a b i l i t y  of s tyrene  on charcoal was n o t  a f fe c ted  by temperature,  l i g h t ,  or 
s torage time. From th e i r  s tud ie s  of the e f f e c t  of humidity (7-94%) on the 
adsorp t ion  of toluene onto charcoal ,  i t  was in fe r red  t h a t  high humidity may 
a lso  adversely  a f f e c t  the adsorp t ion  of s tyrene onto charcoa l .  Saalwaechter 
e t  a l .  [258] a l so  found th a t  the e f f i c i e n c i e s  of desorbing styrene from 
charcoal wi th carbon d i s u l f i d e  were equ iv a len t  (85-89%) fo r  charcoal 
obtained from three  d i f f e r e n t  manufacturers .  Using an a i r  flow of 1 
l i t e r / m i n ,  a r e l a t i v e  humidity of 7%, and a s tyrene  concen tra t ion  of about 
150 ppm, 1% breakthrough fo r  the 100 mg f r o n t  sec t ion  occurred a t  29.1 
l i t e r s ,  a t  which time the f r o n t  sec t ion  of the charcoal tube held 18 mg of 
s ty rene .
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Tubes conta in ing charcoal have been designed f o r  use in i n d u s t r i a l  
hygiene surveys and are  commercially a v a i l a b le  [253], Such tubes were 
evaluated in  1976 by Burnet t  [253] a t  50, 100, and 200 ppm of s tyrene  by
sampling these atmospheres a t  1 l i t e r / m i n .  The mean pe rcen t  recovery of 
styrene was 85%. These tubes contained two sec t ions  of charcoa l ;  the main 
c o l l e c t i n g  sec t ion  had 100 mg, and the reserve  (backup) s e c t io n ,  50 mg.

In 1975, us ing tubes conta in ing  200 mg of charcoa l ,  Ka ll iokoski and 
P f a f f l i  [254] found th a t  charcoal could c o l l e c t  70 mg of styrene by sampling 
a t  0 .2 -0 .3  l i t e r s / m i n  from a chamber conta in ing  1,120 ppm of s ty rene .  With 
charcoal tubes loaded with up to 66 mg of s ty rene ,  about 95% of the styrene 
remained on the charcoal a f t e r  drawing f r e sh  a i r  through the tubes a t  th i s  
flow r a t e  fo r  3 hours.  Styrene was desorbed from the charcoal with  dimethyl 
formamide; the desorpt ion  e f f i c ie n c y  was 72.3%.

In 1972, a f t e r  sampling a i r  t h a t  contained 49, 494, or 987 ppm of
s tyrene through 200-225 mg of charcoal a t  0.2 l i t e r s / m i n  fo r  1 hour, Gote l l  
e t  a l .  [35] recovered 96%, 90%, and 87% of the s ty rene ,  r e s p ec t iv e ly .
Carbon d i s u l f i d e  was used to desorb s tyrene  from the charcoal .

In 1977, NIOSH c o n t r a c to r s  evaluated data  on the c o l l e c t i o n  of 
s tyrene by charcoal tubes a t  100, 200, and 400 ppm by sampling a t  0.2
l i t e r s / m i n  fo r  25 minutes [255]. Desorption e f f i c i e n c i e s  of 87% a t  100 ppm, 
88% a t  200 ppm, and 93% a t  400 ppm were found when carbon d i s u l f i d e  was used
to desorb the s tyrene .  At 400 ppm, sampling continued fo r  111 minutes
before  a s i g n i f i c a n t  amount of s tyrene  (5%) passed through the charcoal ,  
which then contained 36 mg of s ty rene .

Although the r e p o r t  by F rau s t  and Hermann [251] ind ica ted  th a t  the 
c o l l e c t i o n  e f f i c ie n c y  of charcoal tubes was a f f e c t e d  by the sampling r a t e ,  
data from other  s tud ies  [252,253,254,255,258] in d ica te  s a t i s f a c to r y  
c o l l e c t i o n  of styrene a t  a l l  sampling r a t e s  s tud ied .  Passive dosimeters ,  
which c o l l e c t  organic vapors through the mechanism of molecular d i f fu s ion  
and adsorp t ion  onto charcoal can a l so  be used fo r  monitoring s tyrene 
exposures [257].

(3) Cryogenic Methods
In 1967, Klyuzko and Vovyanko [247] used a l i q u id  oxygen trap fo r  

sample c o l l e c t i o n  to study styrene  and ethylbenzene a i r  p o l lu t io n  caused by 
the polystyrene  indus t ry .  The f rozen compounds were re leased  d i r e c t l y  in to  
a gas chromatograph by heat ing  the t rap .  This method, a lso  discussed by 
Parkes e t  a l .  [249], did no t  seem to o f f e r  any advantages over o ther  methods 
of c o l l e c t i o n  fo r  i n d u s t r i a l  hygiene use,  bu t  did c rea te  a p o t e n t i a l  hazard 
in  the t r a n s p o r t  and use of l i q u id  oxygen.

(4) Methods of C ol lec t ing  Tota l  Air Samples
The methods discussed above concentra te  and remove s tyrene from 

a i r .  Tota l  a i r  samples c o l l ec te d  in sy r inges ,  p ip e t s ,  b o t t l e s ,  or p l a s t i c
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bags fo r  a n a ly s i s  by a v a r i e ty  of methods do no t  concen tra te  s ty rene ;  these 
methods [69,243,260,261,262] u sua l ly  sample small volumes of a i r  over shor t  
periods of time. Because of the small  sampling volumes and sh o r t  sampling 
t imes, such samples may be b e t t e r  able  to r e f l e c t  pe r iod ic  f lu c tu a t i o n s  in 
s tyrene  concen tra t ions  than are samples c o l l e c te d  by abso rp t ion ,  adsorp t ion ,  
or cryogenic methods. This may be d e s i ra b le  i f  the sampling times are  
c a re fu l ly  chosen [263], Under c e r t a i n  cond i t ions ,  however, g lass  su rfaces  
may adsorb s tyrene  [264] and some p l a s t i c  bags are  permeable to styrene 
[265].  Thus, care must be taken to ensure t h a t  a l l  the styrene has been 
recovered from the c o l l e c t io n  device.  This,  however, may n o t  be a problem 
below 100 ppm of s ty rene .  In 1974, De Gesero [32] repor ted  t h a t  s tyrene 
concen tra t ions  in a i r  samples c o l l e c t e d  in p l a s t i c  bags were s t ab le  fo r  4 
hours.  However, in 1978, Severs e t  a l .  [252] found t h a t  20% of the sample 
in p l a s t i c  bags had been l o s t  a f t e r  the same time per iod .  Various m a ter ia ls  
may be use fu l  as sampling bags,  but the user  should be aware of poss ib le  
sample loss  and evaluate  the i n t e g r i t y  of the sample in the bags.

(5) Sampling with A na ly t ica l  Devices
Air samples may be drawn d i r e c t l y  in to  a n a l y t i c a l  devices such as 

in f ra re d  (IR) ana lyzers ,  in d ic a to r  so lu t io n s ,  in d ic a to r  tubes,  and 
combustible gas ana lyzers .  These methods w i l l  be discussed in the following 
sec t ion  and may be usefu l  when immediate r e s u l t s  are  needed, automatic 
continuous monitoring is  des i red ,  or p r e c i s io n  and accuracy a re  no t  c r i t i c a l .

(b) A na ly t ica l  Methods
(1) Spect rophotometrie Methods
Measurement of the absorp t ion  of l i g h t  by s tyrene  i s  the bas i s  of 

spectrophotometrie  methods [98,236,237,239].  Spectrophotometrie
dete rminat ions are  su b jec t  to in te r f e re n c e  from compounds of s im i la r  
s t ru c tu re  bu t  can be used when the o ther  components p re sen t  are  known or can 
be shown no t  to i n t e r f e r e .  In cases where o ther  compounds a re  p re sen t ,  i t  
is  necessary to determine t h e i r  i n te r f e re n c e  with  the s tyrene absorpt ion  
spectrum. For example, i f  s tyrene  were to be analyzed by IR 
spectrophotometry in the presence of butadiene, a wavelength of 11 yim 
would not  be appropr ia te  s ince  butadiene a l so  absorbs l i g h t  a t  th i s  
wavelength.

(2) Color imetr ic  Methods
Although styrene does no t  absorb v i s i b l e  l i g h t ,  the formation of a 

colored de r iv a t iv e  has been used to permit  c o lo r im e t r ic  a na ly s i s  
[98 ,238,242,243,244,246,248].  The usual requirements of such a method 
( i . e . ,  the color-producing rea c t io n  must be q u a n t i t a t i v e  and sp e c i f i c  fo r  
the compound being analyzed, the co lo r  must be s t ab le  long enough to permit 
measurement of co lor  i n t e n s i t y ,  and the co lo r  i n t e n s i t y  must be
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propo r t iona l  to the concen tra t ion  of the m ate r ia l  being analyzed) have not 
been d i f f i c u l t  to meet with  s tyrene  except t h a t  co lo r  s t a b i l i t y  has of ten  
been poor,  n e c e s s i t a t i n g  prompt a n a ly s i s  [242],

(3) Polarographic  Methods
Polarography [99] i s  an e l e c t r o a n a l y t i c a l  method in which the 

ana ly te  undergoes an oxida t ion  or  a reduct ion  re a c t io n  a t  an e le c t ro d e .  The 
p o t e n t i a l  a t  which the r ea c t io n  occurs i s  a funct ion  of the s t r u c t u r e  of the 
ana ly te  and the c u r re n t  produced i s  genera l ly  p ro p o r t io n a l  to i t s  
concen tra t ion .  Styrene cannot be determined in aqueous so lu t io n  by th i s  
method because water i s  reduced before s ty rene .  However, a d e r iva t iv e  
formed by the r ea c t io n  of s tyrene  with  n i t r o u s  acid  has been shown to be
reducible  in an aqueous medium [99].  The in te r f e re n c e s  from other
unsa tu ra ted  compounds and the completeness of the d e r iv a t i z a t i o n  have no t  
been ex tens ive ly  s tudied .

(4) Chromatographic Methods
Chromatography [35,241,247,249,250,251,254,255,256 ,260,266,267] ,  

including gas,  th in  laye r ,  and paper methods, can separa te  a mixture in to
i t s  component p a r t s  in a d d i t io n  to measuring the amounts of each. Gas
chromatography i s  the b e s t  of these methods because r e s u l t s  a re  e a s i e r  to 
quan t i fy  than with  the o th e r s .  In te r fe r e n c e s  can usua l ly  be circumvented by 
changing the c a r r i e r  gas flow r a t e ,  column temperature,  or column packing 
m a te r ia l .  Unequivocal i d e n t i f i c a t i o n  of each component can be made by a 
combination of gas chromatography and mass spectrometry [250], Por tab le  gas 
chromatographs are  a v a i l a b le .  D e ta i led  a n a l y t i c a l  methods fo r  styrene have 
been developed [249,254,256,259].

(c) Methods th a t  Combine Sampling and Analysis
Instruments t h a t  combine sampling and a na ly s i s  in  one opera t ion  include 

combustible gas in d ic a to r s  [35],  IR analyzers  [69],  and d i r e c t - re a d in g  
c o lo r im e t r ic  devices [35,243,244,261].  An advantage of these methods i s  
t h a t  concen t ra t ions  are  immediately known. The methods a re  use fu l  fo r  
de te rminat ions of styrene concen tra t ions  before workers e n te r  confined 
spaces,  fo r  d e te c t ion  of leaks ,  e tc .

Combustible gas in d ic a to r s  measure t o t a l  combustible gases in the a i r ,  
and may be used to determine s ty rene  where i t  i s  known to be the only or the 
predominant combustible vapor p r e s e n t  in the a i r .  IR de te c to r s  [69] are  
capable of some s e l e c t i v i t y  because they can monitor a se lec ted  IR 
wavelength to measure concen tra t ions  of the des ired  compound in the presence 
of o thers  th a t  do no t  absorb in t h a t  region. Styrene has i t s  s t ro n g e s t  
absorbance in the region of 10-15 ym, as ,  fo r  in s tance ,  do butadiene, 
a c r y l o n i t r i l e ,  and methyl m ethacry la te .  An a n a l y t i c a l  wavelength a t  which 
i n te r f e re n c e  i s  minimal must be se le c t e d .  D irec t - read ing  co lo r im e t r ic  tubes 
[35,121,261] and co lo r im e t r ic  i n d ic a to r  so lu t ions  [243,244,261] have a l so  
been used fo r  s tyrene  determinat ion .
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(d) Recommendations
I t  i s  recommended th a t  the method developed by NIOSH [259] fo r  styrene 

c o l l e c t io n  on charcoal with  a n a ly s i s  by gas chromatography be used to 
measure worker exposure to s ty rene .  Under c e r t a in  circumstances,  the use of 
o ther  methods such as d i r e c t - r e a d in g  co lo r im e t r ic  devices [35,243,244,261] 
to ob ta in  an in d ic a t ion  of s tyrene  concen tra t ion  before e n te r ing  a confined 
space may be u s e fu l .  S im i la r ly ,  a combustible gas in d ic a to r  [35] can be 
u s e fu l ,  e sp e c ia l ly  where s p e c i f i c i t y  and accuracy are  le s s  important and
where concen tra t ions  based on b r i e f  sampling are  needed ( e . g . ,  peak or
c e i l i n g  c oncen t ra t ions ) .

Charcoal is  recommended as the adsorbent fo r  c o l l e c t i o n  of styrene 
because i t  has been t e s ted  and found to c o l l e c t  s tyrene e f f i c i e n t l y ,  because 
tubes conta in ing su i t a b le  charcoal are  commercially a v a i l a b le ,  and because 
removal of styrene from charcoal can be near ly  q u a n t i t a t i v e .  Gas
chromatography i s  recommended as the a n a l y t i c a l  method fo r  s tyrene because 
i t  i s  r e l i a b l e  and very s e n s i t i v e .  Although t e s t in g  has no t  been extensive 
a t  low concen t ra t ions ,  the data  in d ic a t e  th a t  the a n a l y t i c a l  lower l im i t  may 
be le ss  than 100 yg per sample [252,259],  This corresponds to 
approximately 2.5 ppm in a 1 0 - l i t e r  a i r  sample. I f  g re a t e r  s e n s i t i v i t y  i s  
requ ired ,  s u b s t i t u t i o n  of thermal fo r  l iqu id  desorpt ion  could be used 
[249], F ie ld  s tud ies  with  both s i l i c a  gel [107] and charcoal (FA Madsen, 
w r i t t e n  communication, December 1976) and labora tory  s tud ie s  with  charcoal
[254,258] ind ica te  th a t  s tyrene i s  s t a b l e  on so l id  sorbents .

Styrene can be c o l l ec te d  e f f i c i e n t l y  on charcoal a t  r a t e s  of 1 l i t e r / m i n  
or l e s s .  Sampling a t  1 l i t e r / m i n  fo r  15 minutes should provide an adequate 
sample fo r  measuring c e i l i n g  concen t ra t ions .  At a styrene  concen tra t ion  of 
25 ppm, sampling a t  1 l i t e r / m i n  fo r  more than 4 hours might r e s u l t  in sample 
lo ss ;  sampling a t  about 250 ml/min is  recommended fo r  measuring TWA 
exposures i f  long sampling times are  used. Appendix I gives sp ec i f i c  
d i re c t io n s  on the recommended methods of sampling and a n a ly s i s .

In operat ions  where styrene and peroxides may be mixed, sampling for  
s tyrene oxide should be conducted as p a r t  of a program to in v es t ig a t e  the 
poss ib le  ro le  of s tyrene oxide in the production of mutations ,  t e r a t a ,  
ab o r t io n s ,  and cancer.  Styrene oxide can be sampled and analyzed by a 
recen t ly  developed NIOSH a n a l y t i c a l  method [268]; other  methods have a l so  
been used success fu l ly  [233,269],

B io logica l  Monitoring of Exposure
There are circumstances where b io lo g ic a l  eva lua t ion  of worker exposure 

to s tyrene  i s  a des i rab le  ad junc t  to environmental monitoring. Increased 
styrene absorpt ion  may occur with  increased r e s p i r a t i o n  [88],  An instance 
of poss ib le  styrene exposure during i t s  use in a nonoccupat ional  s i t u a t i o n  
( i . e . ,  r e p a i r  work with  re in forced  p l a s t i c s  a t  home) has been described in 
the Case Studies  and Miscellaneous Reports Sect ion [66],  and there i s  a l so
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a p o s s i b i l i t y  of inges t ing  s tyrene  p re sen t  in  foods and beverages because of 
c a re le s s  work p r a c t i c e s .  B io log ica l  monitoring in conjunct ion with 
environmental monitoring can a id  in  id en t i fy in g  and e l im ina t ing  other  such 
sources of styrene absorp t ion .  B io log ica l  eva lua t ion  of exposure may a l so  be 
a v a l u a b l e . ad junct  to environmental monitoring in s i t u a t i o n s  such as RP/C 
processes where sk in con tac t  with  s ty rene -con ta in ing  r e s in s  i s  common and 
in h a la t io n  exposures to styrene a re  e sp e c i a l ly  va r ia b le .

Several experimental s tud ie s  and one occupational  study,  which have been 
described in Chapter IV, discussed the e l im ina t ion  of s tyrene  in the b reath  
of ind iv idua ls  a f t e r  exposure [35,69 ,71 ,72 ,88 ,146] .  Only 2-3% of the amount 
of styrene absorbed i s  e l im inated  in  the b rea th  as unchanged s tyrene  during 
severa l  days a f t e r  removal from exposure.  While b re a th  a n a ly s i s  can 
unequivocally  e s t a b l i s h  th a t  exposure to s tyrene has occurred [69,70],  
concen tra t ions  in  a lv e o la r  a i r  have no t  been well  c o r r e l a t e d  with  a r t e r i a l  
concen t ra t ions .  In 1974, Astrand e t  a l .  [88] found a poor r e l a t io n s h ip  
between a lv e o la r  and a r t e r i a l  s ty rene ,  bu t  because they be l ieved a r t e r i a l  
and c a p i l l a r y  styrene concen tra t ions  were in good agreement they recommended 
f i n g e r t i p  blood samples be taken and analyzed fo r  s ty rene .  For b io lo g ic a l  
monitoring, Hake e t  a l .  [70] p r e fe r re d  ana lys i s  of a lv e o la r  a i r  fo r  s tyrene, 
with sampling being performed 15 minutes a f t e r  exposure and ana lys i s  
performed the same day. S tewar t e t  a l .  [69] noted a rap id  decrease in 
a lv e o la r  s tyrene  concen tra t ion  such t h a t  4 hours a f t e r  exposure a t  117 ppm
only about 0.1 ppm styrene was found in  exhaled a i r .  Because of th i s  and
the marked slope of the decay curves [35,69,88] ,  b rea th  a n a ly s i s  does not  
adequately  est imate  exposures un less  cond i t ions ,  e sp e c ia l ly  time of
sampling, are  well  co n t ro l le d .

As described in Chapter IV, u r in a ry  mandelic acid  has been demonstrated 
to be the major metabol i te  of s tyrene  in humans [143,144];  the amount 
excre ted  in the ur ine  r e f l e c t s  the amount of s ty rene  absorbed from 
r e s p i r a t i o n  [88,143,144,156] and, to a l e s s e r  degree,  c o n ta c t  wi th  the skin 
[151,152,153],  Mandelic ac id  e xc re t io n  in the ur ine  has been s tudied 
ex tens ive ly  in sub jec ts  no t  exposed [35,79,121,159] and in  workers and
o thers  exposed to s tyrene [35,75,79,90,92,109,121,125,156,159,270,271,272,  
273], Phenylglyoxylie  ac id ,  which i s  a metaboli te  of mandelic ac id ,  has 
a l so  been found in the u r ine  of workers and experimental sub jec ts  exposed to 
s tyrene [35,83,90,121,144,156,159,270,271].

Other in v e s t ig a to r s  [68,121,159] have evaluated u r ina ry  hippur ic  acid 
concen tra t ions  a f t e r  s tyrene exposure.  However, in one study [159] h ippuric  
acid was found to be a poor i n d ic a to r  of s tyrene  exposure unless  the styrene 
concen tra t ion  was g re a te r  than 100 ppm, and, in another  study [121],  no 
increase  in hippur ic  acid concen tra t ion  was found a f t e r  exposure to styrene a t  30 ppm.

Methods t h a t  have been developed to measure u r ina ry  mandelic and 
phenylglyoxylic ac ids  include polarography [144], colo r im etry  [121,270],  
paper chromatography [122,144],  gas chromatography [79,89,122,158,274,275, 
276,277],  f luorometry [278] and iso tachophores is  [279].
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In a method described in 1964 by Bardodej [144], mandelic ac id  was 
converted to benzaldehyde, which was s t e a m - d i s t i l l e d  and analyzed by 
polarography. Other substances t h a t  can be converted to benzaldehyde and 
thus i n t e r f e r e  with  th i s  a n a ly s i s  method include phenylglycol and i t s  
glucuronide , styrene oxide, aminophenyl a c e t i c  ac id ,  phenyla lanine ,  and 
pheny lpy ro ta r ta r ic  ac id .  In u r ine  samples from unexposed sub jec t s ,  
measurements equivalen t  to 20 mg mandelic a c i d / l i t e r  were found by Bardodej 
[144].  In 1967, Huzl e t  a l .  [109] used the method of Bardodej [144] and 
found a r e l a t io n s h ip  between mandelic acid  in u r ine  c o l l e c te d  during the 
second h a l f  of the workshif t  and concen tra t ions  of styrene measured on 
s ing le  occasions in various  workplaces.  In 1974, Burkiewicz e t  a l .  [272] 
s tudied mandelic acid excre t ion  and s tyrene  exposures in workers fo r  1 week 
a l so  using the method of Bardodej [144]; no mandelic ac id  was found in ur ine  
samples from 30 unexposed workers. About 436-1,630 mg mandelic a c i d / l i t e r  
of ur ine  was found in samples c o l l e c te d  during the l a s t  3 hours of work from 
workers with  average styrene exposures of 28-110 ppm. In 1970, Sedivec and 
Flek [274] used the method of Bardodej [144] to conver t  mandelic acid  to 
benzaldehyde, bu t  assayed benzaldehyde by gas chromatography r a th e r  than by 
polarography.

Bardodej [144] a lso  described a co lo r im e t r ic  method fo r  a n a ly s i s  of 
mandelic acid  th a t  was based on the r ea c t io n  of mandelic ac id  with  f e r r i c  
ch lo r id e .  Endogenous substances th a t  may i n t e r f e r e  with  th i s  ana lys i s  
method a re  l a c t i c  ac id ,  p y r o t a r t a r i c  ac id ,  a ce to a c e t i c  ac id ,  
beta-hydroxybutyric  ac id ,  a t r o l a c t i c  ac id ,  and pheny lpy ro ta r ta r ic  acid .  
Thiocyanates,  some indole d e r iv a t iv e s ,  and s a l i c y l i c  ac id  may a l so  
i n t e r f e r e .  Using the co lo r im e t r ic  method, there were only trace  amounts of 
mandelic acid  in ur ine  from heal thy unexposed people.  This method [144] was 
studied using workers from various  in d u s t r i e s  who were exposed to styrene a t  
average concen tra t ions  of about 20-80 ppm. At the lowest exposure,  u r inary  
mandelic acid  concentra t ions  were about 200 mg/1 and, a t  the h ighes t  
exposure concen tra t ions ,  about 1,600 mg/1.

In 1970, Ohtsuj i  and Ikeda [121] repor ted  the q u a n t i t a t i v e  r eac t ion  of 
mandelic and phenylglyoxyl ie ac ids  with  a s u l f u r i c  ac id -fo rm al in  reagent.
Mandelic acid  was measured c o lo r im e t r i c a l ly  a t  450 nm and phenylglyoxylie
acid a t  350 nm. When Horiguchi and Teramoto [271] s tud ied  th i s  method in 
1972, they found th a t  normally occurr ing substances in ur ine  such as 
c h o le s t e r o l ,  and hydroxyphenylace t i c , phenylace t i c ,  v a n i l l i c ,  and f e r u l i c  
ac ids  would a l so  r e a c t  wi th  the s u l f u r i c  ac id -fo rm al in  reagent .  Because of 
such in te r f e re n c e s ,  u r ine  samples from unexposed people have ind ica ted  
concen tra t ions  of mandelic acid  of 22-698 mg/1 [35,79,88,121,159,270,271].  
In 1972, the method of Ohtsuji  and Ikeda [121] was a l so  used to evaluate
in d u s t r i a l  exposures by Gotel l  e t  a l .  [35],  who found b e t t e r  c o r r e l a t io n  
between 8-hour TWA exposures and ur inary  mandelic ac id  concen tra t ions  than 
between the TWA exposures and u r ina ry  phenylglyoxylie acid  concen tra t ions .  
However, the data were not  l i n e a r  over the range of the TWA exposure
concen tra t ions  (17-292 ppm). In  1974, Harkonen e t  a l .  [270] a l so  found th a t  
u r inary  mandelic acid concen tra t ions  c o r re la te d  b e t t e r  than phenylglyoxylic 
acid  with TWA exposures to styrene a t  concen tra t ion  up to 150 ppm; the data
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were a l so  n o t  l i n e a r  over the range of TWA exposures.  Harkonen e t  a l .  [270]
concluded th a t  because of the v a r i a t i o n  in the r e s u l t s ,  the p ro b a b i l i t y  of a
worker being exposed a t  l e ss  than 50 ppm could no t  be c a lcu la ted  with  
p re c i s io n  when using th i s  c o lo r im e t r ic  method.

In 1973, Slob [280] used paper chromatography to separa te  mandelic ac id  
and used gas chromatography of the s i l y l  de r iv a t iv e  to measure i t .  With
these techniques,  0.5-10 mg of mandelic acid  were found to have been 
excreted in ur ine  during 8 hours by workers exposed to styrene  a t  about 1 
ppm.

In 1974, Buchet e t  a l .  [89] and Vivol i  and Vecchi [275] described gas 
chromatographic methods th a t  involved methylation  of mandelic and 
phenylglyoxyl ie  ac ids .  With these methods n e i t h e r  mandelic acid  nor 
phenylglyoxyl ie  acid  were found in the ur ine  of unexposed su b je c t s .  In 
styrene-exposed workers the concen tra t ions  of both acids  using these methods 
were r e l a t e d  to exposure [90,275].

In 1976, Bauer and Guillemin [277] used gas chromatography a f t e r
methylat ion of the ac ids  with  diazomethane as described by Buchet e t  a l .  
[89]. They discovered, however, t h a t  un less  the condi t ions  fo r  methylat ion 
were p re c i s e ly  c o n t ro l l e d ,  conversion of phenylglyoxyl ie  ac id  to i t s  methyl 
e s t e r  was not  q u a n t i t a t i v e  (a poss ib le  explanat ion  fo r  the r e l a t i v e l y  poor 
recover ies  of phenylglyoxylie ac id  found by Saeki [276] in  another  study) .

In 1980, Flek and Sedivec [281] described a method fo r  the simultaneous 
de terminat ion of mandelic and phenylglyoxyl ie  ac ids  in u r in e .  Urine was 
s a tu ra ted  with  ammonium s u l f a t e  and a c i d i f i e d ,  and the two ac ids  were then 
ex t rac ted  with  e thy l  a c e t a t e .  The mandelic and phenylglyoxyl ie  ac ids  were
converted in to  methyl e s t e r s  with  diazomethane, and then analyzed by gas
chromatography. The in v e s t ig a to r s  [281] found no in t e r f e re n c e s  from other  
ur ine  components. The methyl e s t e r  of hippur ic  acid  was found to have a
much longer r e t e n t io n  time under the sp ec i f ied  chromatographic cond i t ions ,  
and thus did no t  i n t e r f e r e .  The lower l im i t s  of d e te c t ion  of the two acids  
were about 10 yg/ml. Flek and Sedivec [281] be l ieved the use of an iodine 
in d ic a to r  to show completion of e s t e r i f i c a t i o n ,  with  the supply of
diazomethane then being shut o f f ,  co r rec ted  the p o t e n t i a l  of methylat ion 
problem described e a r l i e r  by Bauer and Guillemin [277].

In 1974, a procedure fo r  a n a ly s i s  of the s i l y l  d e r iv a t iv e  of mandelic 
acid  by gas chromatography was described by Engstrom and Rantanen [79], 
They found 94% recovery of mandelic ac id  th a t  had been added to u r ine ;  the 
c o e f f i c i e n t  of v a r i a t io n  of 10 r e p l i c a t e  analyses of the ur ine  of a worker 
who made p l a s t i c s  was 2%, and the lower l i m i t  of de tec t ion  was 1 mg/1.
However, mandelic acid  was found in the ur ine  of 10 people who had no
h i s to ry  of s tyrene exposure.  The method of Engstrom and Rantanen [79] has 
been s tudied  ex tens ive ly  in styrene-exposed workers [75,79,92,125] ,  and in 
con tro l  sub jec t s  [79,92] ,  The s e n s i t i v i t y  of the method i s  l e ss  than th a t
of the method of Slob [280], bu t  there  is  a good r e l a t io n s h ip  between
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average TWA styrene exposures and u r ina ry  mandelic acid  concen tra t ions  in 
workers exposed to s tyrene in the range of about 5-300 ppm [79,92,125],  as 
shown in  Figure V-l on p. 141. The lower f ig u r e ,  r ep resen t ing  the 
reg ress ion  of mandelic acid  with  s tyrene  a t  a ur ine  sp e c i f i c  g rav i ty  of 
1.018, has been copied with  permission from the r e p o r t  of Harkonen e t  a l .  
[125]; the upper f igure  rep re sen ts  the same reg ress ion  a t  a u r ine  sp ec i f i c  
g rav i ty  of 1.024.

In 1976, Saeki [276] a l so  descr ibed a method fo r  analyz ing the s i l y l a t e d  
d e r iv a t iv e s  of mandelic and phenylglyoxyl ie  ac ids  by gas chromatography. By 
th i s  method, recover ies  were 95-100% for  mandelic acid  and 73-91% for  
phenylglyoxyl ie  ac id .  Apparently the method was no t  used to evalua te  
exposures of workers.

In 1979, Chakrabarti  [278] described a method of an a ly s i s  of mandelic 
and phenylglyoxyl ic  ac ids  in ur ine  by f luorometry,  a f t e r  e x t r a c t i o n  in to  
e th e r  and separa t ion  of the ac ids  by th in - l a y e r  chromatography. The 
f lu o re sc en t  d e r iv a t iv e s  formed by treatment with  concentra ted  s u l f u r i c  acid 
were described as highly s t a b l e .  The l im i t s  of de tec t ion  of both acids  were 
2 yg/ml of u r in e ,  with c o e f f i c i e n t s  of v a r i a t i o n  being le s s  than 15%.
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Figure 31-1 TWA STYRENE CONCENTRATION VERSUS URINARY 
MANDELIC ACID CONCENTRATION
(Taken from Harkonen et al [12 5 ])
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An iso tachophore t ic  method fo r  a n a ly s i s  of u r ine  samples fo r  mandelic, 
phenylg lyoxyl ic ,  h ippur ic ,  and methylhippuric ac ids  was described in 1977 by 
Sollenberg and Baldesten [279]. The a n a l y t i c a l  range was 0.5-35 nmol/0.5 ml 
sample fo r  each ac id .  With th i s  method, mandelic acid  was not  found in the 
ur ine  of 14 con tro l  su b je c t s ,  bu t  phenylglyoxyl ic  ac id  a t  concen tra t ions  of
144 and 196 nmol/ml was found in the u r ine  of two su b jec t s .  Good agreement
was found when some samples were a l so  analyzed by gas chromatography [279],

In a 1979 study of b io lo g ic a l  monitoring, F ie lds  and Horstman [282] 
evaluated the s tyrene exposures of two groups of workers by (1) the sampling 
and a n a ly s i s  of workers'  b rea th ing  zones,  (2) the sampling and a na ly s i s  of 
expired b rea th  a t  the end of the w orksh i f t ,  and (3) the a n a ly s i s  of ur ine
samples c o l l e c te d  j u s t  before and j u s t  a f t e r  the worksh i f t ,  as well  as a t
var ious times a f t e r  the s h i f t  was over.  Both study groups made f ibrous  
g lass  r e in fo rced  boats .  The f i r s t  group cons i s ted  of f ive  heal thy males, 
19-23 years of age, who had been employed making re in fo rced  p l a s t i c  boats  
fo r  2 weeks to 18 months. The second group cons is ted  of 18 heal thy males, 
aged 19-48 years ;  the authors  did n o t  s t a t e  how long th i s  group had worked. 
These men in the second group occas iona l ly  wore double c a r t r id g e  organic 
vapor r e s p i r a t o r s  during some phases of t h e i r  work.

The in v e s t ig a to r s  [282] found a poor c o r r e l a t io n  (r=0.234) between
a irborne  styrene  concen tra t ions  and a lv e o la r  a i r  concen tra t ions .  Urinary 
mandelic ac id  was analyzed by the gas chromatographic method of Engstrom and 
Rantanen [79];  data were ca tegor ized  by whether or n o t  r e s p i r a to r s  were 
worn, and were ca lcu la ted  in terms of three sp e c i f i c  g r a v i t i e s ,  i . e . ,  the
two most commonly used l i t e r a t u r e  values of 1.024 and 1.018, and the mean 
sp e c i f i c  g ra v i ty  of the 62 p o s t s h i f t  u r ine  samples, 1.033. For the group 
no t  wearing r e s p i r a t o r s ,  a c o r r e l a t i o n  c o e f f i c i e n t  of 0.85 between ur inary  
mandelic acid  and a i rborne  s tyrene  exposure was found. With those wearing 
r e s p i r a t o r s ,  there was a poorer c o r r e l a t i o n  ( r=0 .57) .  These c o e f f i c i e n t s
were the same regard less  of which sp e c i f i c  g rav i ty  adjustment was used. For 
the group no t  wearing r e s p i r a t o r s ,  a u r ina ry  mandelic ac id  concen tra t ion  of 
1,655 mg/1 (ad jus ted  to a s p e c i f i c  g rav i ty  of 1.024) was equ iva len t  to a
styrene exposure of 100 ppm, with  95% confidence l im i t s  of 83-117 ppm 
s ty rene .  S ta ted  another  way, an 8-hour TWA exposure of 100 ppm was 
equ iva len t  to a ur ine  mandelic acid  concen tra t ion  of 1,275-2,063 mg/1.
F ie ld s  and Horstman [282] a l so  es timated  from da i ly  ur inary  excre t ion  data 
th a t  mandelic acid  concen tra t ions  increased s l i g h t l y  through the week, 
in d ic a t in g  t h a t  the amount of mandelic acid  excreted in ur ine  sampled a t  the 
end of the s h i f t  depends la rge ly  on th a t  day 's  absorp t ion  and p a r t l y  on 
absorp t ion  on previous days. In th i s  study [282], there  was a markedly 
b e t t e r  c o r r e l a t io n  between ur ina ry  mandelic ac id  exc re t ion  and s tyrene 
exposure than between expired s tyrene  and styrene exposure; thus,  mandelic 
acid  exc re t io n  would be expected to be a super io r  method of b io lo g ic a l  
monitoring.

The study of Hake e t  a l .  [70] on b io lo g ic a l  monitoring was reviewed in 
Chapter IV. These in v e s t ig a to r s  [70] concluded th a t  blood a n a ly s i s  fo r
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s ty rene , a n a ly s is  of u rinary  m e tab o li te s ,  and a lv e o la r  b re a th  a n a ly s is  fo r
styrene were a l l  u se fu l ind ices  of exposure to s ty rene , though the
in v e s t ig a to r s  p re fe r re d  a n a ly s is  of a lv e o la r  a i r  samples taken 15 minutes 
a f t e r  exposure. Hake e t  a l .  [70] exposed vo lun tee rs  a t  known and, except 
fo r  one experiment, r e l a t iv e ly  co n s tan t  con cen tra t io n s ,  whereas the workers
s tud ied  by F ie ld s  and Horstman [282] were performing reg u la r  work and
exposed a t  v a r ia b le  concen tra t ions .

As p a r t  of the in v e s t ig a t io n  of the workers in a re in fo rced  p l a s t i c s  
workshop, Brooks e t  a l .  [91] in  1979 and E lia  e t  a l .  [283] in 1980 described 
b io lo g ic a l  m onitoring. P o s t - s h i f t  u rine  samples were c o l le c te d  w ith in  30 
minutes of the end of the s h i f t ,  and analyzed fo r  mandelic ac id  by the gas 
chromatographic method of Guillemin and Bauer [158]. Phenylglyoxylic  ac id  
was analyzed by reduction  w ith  zinc followed by measurement as mandelic 
ac id .  Both groups of in v e s t ig a to r s  [91,283] s tudied  c o r re la t io n s  of u rinary  
m etabo lites  w ith  a irbo rne  styrene  in  terms of types of coord inates  ( log - log  
or l in e a r  p lo t s ) ,  in terms of mandelic ac id  alone or the sum of the
concen tra tions  of mandelic and phenylglyoxylic  a c id s ,  and in  terms of 
adjustm ent fo r  u r ine  d i lu t io n  e i t h e r  by a d ju s t in g  fo r  urine  sp e c i f ic  g rav ity  
or by analyzing urine  c re a t in in e  and expressing r e s u l t s  as mass of 
m etabo lites  per gram of c re a t in in e .

A l in e a r  p lo t  of the sum of u r in a ry  mandelic and phenylglyoxylic acids 
vs. a irbo rne  s tyrene concen tra t ions  gave a c o r re la t io n  c o e f f i c i e n t  of only 
0.74. A ll o ther  comparisons gave h igher c o r re la t io n  c o e f f ic ie n ts  and 
involved log-log  p lo t s .  Log of the sum of the two ac ids  vs. log of the 
a irbo rne  s tyrene gave r=0.96 when u rine  d i lu t io n  was co rrec ted  fo r  
c r e a t in in e ,  0.95 when u rine  d i lu t io n  was co rrec ted  by a d ju s t in g  u r ine
sp e c i f ic  g ra v i ty  to 1.024, and 0.93 when urine  d i lu t io n  was no t co rrec ted . 
Log of the concen tra t ion  of mandelic acid only vs . log of the a irborne
styrene gave r=0.96 when u rine  d i lu t io n  was co rrec ted  fo r  c re a t in in e ,  r=0.95 
when urine  was ad jus ted  to a s p e c i f ic  g rav ity  of 1.024, and r=0.94 when
urine  d i lu t io n  was no t co rrec ted .

These in v e s t ig a to r s  [91,283] concluded th a t  the most e f f e c t iv e
monitoring of workers exposed to s ty rene  included both b io lo g ic a l  monitoring 
and m onitoring of a irborne  exposures; they believed  monitoring of p o s t - s h i f t  
urine  samples fo r  m etabo lites  should involve a n a ly s is  fo r  both ac ids  and 
th a t  adjustm ents fo r  u rine  d i lu t io n  by c o r re c t io n  fo r  e i th e r  c re a t in in e  
con ten t or sp e c i f ic  g rav ity  should be made.

In 1974, Engstrom and Rantanen [79] compared the r e s u l t s  of th e i r  gas 
chromatographic method with  the r e s u l t s  of the co lo r im e tr ic  method of
O htsu ji and Ikeda [121]. With p a r a l l e l  analyses of u rine  samples from 10
su b jec ts  n o t exposed to s ty ren e , no mandelic acid  was found by gas
chromatography whereas 46-698 mg/1 were found by the c o lo r im e tr ic  method.
With p a r a l l e l  analyses of u r ine  samples from 35 p l a s t i c s  workers, the 
r e s u l t s  from the two methods had a c o r re la t io n  c o e f f ic ie n t  of 0.98 and an 
average d if fe re n c e  of 254 mg/1. I t  appears th a t  d esp i te  the lack of
s p e c i f i c i ty  o ffered  by c o lo r im e tr ic  methods [121,144], they may be
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u s e fu l .  A pplica tion  of a co lo r im e tr ic  method may be of p a r t i c u la r  
importance in those s i tu a t io n s  where apprec iab le  sk in  co n ta c t  i s  poss ib le  
and where o ther  equipment such as a gas chromatograph i s  n o t  re a d i ly  
a v a i la b le .  With the method of O h tsu ji  and Ikeda [121], Harkonen e t  a l .  
[270] found th a t  the average u r ina ry  mandelic ac id  concen tra t ion  a t  a 
sp e c if ic  g ra v i ty  of 1.018 a sso c ia te d  w ith  an 8-hour TWA exposure of 50 ppm 
was about 1,660 mg/1. However, the lower 97.5% confidence l im i t  of the 
mandelic acid  concen tra tion  fo r  an in d iv id u a l  exposed a t  50 ppm was below 
the background of the method, so th a t  the p ro b a b i l i ty  of an in d iv id u a l  being 
exposed a t  le s s  than 50 ppm cannot be c a lcu la ted  w ith  p re c is io n  from 
c o lo r im e tr ic a l ly  determined mandelic ac id  con cen tra t io n s .  I t  i s  poss ib le  
th a t  the c o lo r im e tr ic  method of Bardodej [144] i s  a t  l e a s t  as accura te  and 
p rec ise  as the method of O htsu ji and Ikeda [121]; however, I t  has n o t  been 
as thoroughly evaluated .

When a gas chromatographic method such as th a t  of Engstrom and Rantanen
[79] i s  used to determine mandelic ac id  c o n cen tra t io n s ,  500 mg of mandelic 
a c i d / l i t e r  of urine  (co rrec ted  to a s p e c i f ic  g rav ity  of 1.018) may in d ica te  
a rec e n t  exposure to a t  l e a s t  10 ppm s ty ren e . From Figure V-l (see p. 141) 
a concen tra t ion  of 1,200 mg mandelic a c i d / l l t e r  of u r ine  (ad jus ted  to a 
sp e c if ic  g ra v ity  of 1.018) corresponds to an average 8-hour TWA styrene  
exposure estim ate  of 55 ppm, w ith  95% confidence l im i ts  of about 25-120 
ppm. Thus, mandelic acid  concen tra t ions  in excess of 1,200 mg/1, as
determined by the method on Engstrom and Rantanen [79], in d ic a te  with  97.5% 
s t a t i s t i c a l  confidence th a t  s ty rene  absorp tion  was in  excess of th a t  from an 
8-hour TWA exposure to s tyrene a t  25 ppm. The average mandelic acid
concen tra t ion  ( i . e . ,  the p o in t  e s t im a te )  corresponding to an 8-hour TWA 
concen tra t ion  of 50 ppm is  about 1,100 mg/1.

Of the various u rinary  e x c re tio n  products of s ty ren e , mandelic ac id  and 
phenylglyoxylie acid  a re  the most u se fu l  fo r  b io lo g ic a l  m onitoring. Although 
both ac ids  can be analyzed, a n a ly s is  of j u s t  mandelic ac id  can give u se fu l  
r e s u l t s  [156]. Because the decay curves of u r ina ry  m etabo lites  are  no t  as 
steep as the decay curves of s ty rene  e l im in a tio n  in  exhaled a i r ,  the time of 
sampling is  less  c r i t i c a l .  Furthermore, v a r ia t io n s  in exposure 
concen tra tions  during the workday should cause fewer v a r ia t io n s  in  u r ine  
m etabo lite  e l im in a tio n  than in s ty rene  excre tio n  in  exhaled a i r .  The
urinary  m etabo lite  concen tra tion  is  more l ik e ly  to r e f l e c t  to t a l  absorbed
dose than i s  a lv e o la r  styrene when workday exposure concen tra t ions  have 
f lu c tu a te d .

When evalua ting  styrene exposure from mandelic acid  da ta , conside ra tion  
should a lso  be given to pulmonary v e n t i l a t io n ,  o th e r  sources of mandelic 
acid  such as environmental exposure to ethylbenzene [216] or phenylethanol 
[156], and the metabolism of a lpha-hydroxybenzy lpen ic il l in  [284]. The 
suggested a n a ly t i c a l  method fo r  mandelic ac id  in u r ine  is  described in
Appendix I I .
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M e d i c a l  S u r v e i l l a n c e

Styrene has been shown to have e f f e c t s  on the c e n t r a l  nervous system 
(CNS) and on the sk in , eyes, and upper r e s p i r a to ry  t r a c t ;  furtherm ore, 
a lthough the evidence is  no t s trong  s tyrene exposure may a f f e c t  l iv e r  
func tio n . Thus, preplacement and p e r io d ic  medical su rv e i l la n c e  should 
include physica l examinations and medical and work h i s to r i e s  d i re c ted  to 
a sc e r ta in in g  the s ta tu s  of the CNS, sk in ,  upper re s p i r a to ry  t r a c t ,  and the 
l i v e r .  S p ec if ic  t e s t s ,  except fo r  serum enzyme assays fo r  assessment of 
l i v e r  s t a t u s ,  a re  n o t proposed, because o ther t e s t s  a re  n o t s u f f i c ie n t l y  
sp e c i f ic  or a v a i la b le .

Although the data on te r a to g e n ic i ty  and on spontaneous ab o r t io n s ,  
d iscussed in  Chapter IV, have n o t  been confirmed, they a re  s u f f i c ie n t l y  
suggestive to w arran t, as a prudent preven tive  measure, advis ing  workers of 
th is  inform ation and on the p o ss ib le  r i s k s  th a t  could be a sso c ia te d  with 
exposure to styrene  during pregnancy.

B io lo g ica l  monitoring of styrene  exposure by the a n a ly s is  of u r ine  fo r  
mandelic acid  may be a u se fu l  ad jun c t to the environmental monitoring of 
exposures, e sp e c ia l ly  where b rea th in g  zone monitoring does n o t adequately 
rep re se n t  a w orker 's  exposure, fo r  example, where g re a t  excursions in 
a irbo rne  concen tra t ions  are  n o t  de tec ted  or where s i g n i f i c a n t  percutaneous 
absorp tion  may occur. Because of the l ik e lih o o d  of both of these occurring 
in re in fo rced  p l a s t i c s  f a b r ic a t io n  (RP/C) o p e ra t io n s ,  b io lo g ic a l  monitoring 
may be e s p e c ia l ly  u se fu l  there . I t  may be b e s t  to e s ta b l i s h  the accep tab le  
l im i t  of mandelic acid  ex c re t io n ,  in  r e l a t io n  to the perm issib le  exposure 
l im i t ,  in each p la n t ,  w ith  c o n s id e ra tio n  to the a n a ly t i c a l  method and, 
perhaps, sampling circum stances. Pending such a de term ination , Figure V-l 
(see p. 141) can be used fo r  guidance in s e t t in g  l im i ts  of accep tab le  
mandelic ac id  exc re tio n . Where th i s  b io lo g ic a l  monitoring in d ica tes  
excessive s ty rene  absorp tion , an in v e s t ig a t io n  of the source of the 
excessive exposure should be i n i t i a t e d .  I f  the cause re su l te d  from f a i lu r e s  
of engineering co n tro ls  ( lead ing  to excessive exposures) or work p ra c t ic e s  
( lead ing  to in ges tio n  or sk in  exposure), app rop ria te  c o r re c t iv e  ac t io n  
should be taken. I f  personal h a b i ts  a re  the cause ( fo r  example, from home 
a c t i v i t i e s  such as hobbies th a t  lead to a d d i t io n a l  exposure), the worker 
should be counseled.

Styrene Oxide in  Some Styrene Operations
Two 1979 rep o r ts  [233,269] described f ind ing  s tyrene oxide a t  low 

concen tra tions  in  the workroom a i r  in f a c to r i e s  making re in fo rced  p l a s t i c  
o b jec ts .  In the study in Finland by P f a f f l i  e t  a l .  [269], a i r  samples were 
c o l le c te d  on charcoal,  desorbed w ith  dichloromethane, and assayed by 
c a p i l la ry  gas chromatography with  a flame io n iz a t io n  d e te c to r .  Styrene 
oxide concen tra t ions  were about the same in  both personal and general a i r  
samples; concen tra t ions  were 0.04 ppm in  hand lay-up and 0.12-0.17 ppm in 
spray o p e ra t io n s ,  when styrene concen tra t ions  were 59-133 ppm. In the study

145



in Norway by F je ld s ta d  e t  a l .  [233], personal samples were c o l le c te d  on 
charcoa l,  desorbed with carbon d i s u l f i d e ,  and analyzed by gas chromatography 
with  a flame io n iz a t io n  d e te c to r ;  confirming analyses were made by high 
performance l iq u id  chromatography. Styrene oxide concen tra tions  ranged from 
le ss  than 0.003 ppm to 0.086 ppm; s ty rene  concen tra tions  were 17-289 ppm.

The in v e s t ig a to r s  [233,269] be lieved  th a t  the styrene oxide was formed 
by the mixing of s ty rene w ith  peroxides added as curing  agen ts .  This seems 
reasonab le , inasmuch as one method of syn thes is  of epoxides i s  to r e a c t  
o le f in s  w ith  peroxides.

Thus, i t  i s  im portant to eva lua te  s ty rene  oxide exposures in  work areas 
where peroxides and styrene are  mixed, in view of the toxic  problems ( i . e . ,  
m utagenicity and c a rc in o g en ic i ty )  posed by styrene oxide.

In a d d i t io n  to the methods of sampling and a n a ly s is  fo r  styrene  oxide 
described in  the two Scandinavian re p o r ts  [233,269], a method was developed 
in  1979 by the Los Alamos S c i e n t i f i c  Laboratory under NIOSH sponsorship 
[285]. Samples were c o l le c te d  in  a tube holding a g lass  f ib e r  f i l t e r  
followed by a so rben t, Tenax-GC. The s ty rene  oxide was desorbed w ith  e th y l  
a ce ta te  and analyzed by gas chromatography w ith  a flame io n iz a t io n  
d e te c to r .  Recoveries of g re a te r  than 95% were reported  a t  a r e l a t iv e  
humidity of 80% with  samples of 0.5-44 yg. The l im i t  of d e te c t io n  of the 
a n a ly t i c a l  method was 0.1 yg/sample.
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V I .  DEVELOPMENT OF OTHER OCCUPATIONAL HEALTH STANDARDS

The f i r s t  recommendation fo r  a worker exposure l im i t  fo r  s ty rene  was by 
Spencer e t  a l .  [53] in  1942. Although they wrote th a t  repeated  exposures to 
s tyrene a t  650 ppm would "probably produce no se r ious  d is tu rbances  in  man," 
they recommended 400 ppm as a perm issib le  l im i t ,  which Spencer e t  a l .  [53] 
reported  had a d isag reeab le  odor bu t would no t cause apprec iab le  eye or nose 
i r r i t a t i o n .  In  1943, M alle t te  [54], in d iscuss ing  in d u s t r i a l  hygiene in 
sy n th e t ic  riibber manufacture, pointed  out th a t  200 ppm was a p re fe rab le  
upper l im i t  of styrene  exposure because of the eye and nose i r r i t a t i o n  
experienced by workers a t  400 ppm.

In  1944, the American Standards A ssoc ia tion  (ASA) published i t s  American 
War Standard Allowable C oncentration of Styrene Monomer [ 2 8 6 ] . The
recommended maximum allowable l im i t  was 400 ppm fo r  exposures n o t  exceeding 
a to t a l  of 8 hours d a i ly .  The re p o r t  by Spencer e t  a l .  [53] was c i te d ,  bu t 
i t  was noted th a t  the l im i t  was based on animal experiments and th a t  there  
had no t been s u f f i c i e n t  experience w ith  humans to eva lua te  the response of 
man.

In  1945, Cook [287] compiled a l i s t  of maximum allowable concen tra t ions  
(MACs) of atmospheric contaminants of seve ra l American governmental
agencies . Five of the S ta te  agencies recommended a MAC of 400 ppm of 
s ty ren e , bu t Cook [287] recommended th a t  the value be lowered to 200 ppm 
because workers had experienced i r r i t a t i o n  a t  400 ppm.

In 1946, the American Conference of Governmental I n d u s t r i a l  H ygien ists  
(ACGIH) endorsed the ASA styrene standard  of 400 ppm, along w ith  15 o ther 
ASA s tand ards ,  because they considered th a t  th a t  values had been e s ta b l ish e d  
and s u b s ta n t ia te d  by the necessary  s c i e n t i f i c  research  [288]. In 1947, the 
ACGIH proposed lowering the MAC to 200 ppm [289]; reasons fo r  the 
recommendation were no t given. In 1956, the ACGIH reported  th a t  
recommendations fo r  changes in  the values of a number of substances had been 
made [290], among them a change in the value fo r  s tyrene from 200 to 100 
ppm. Subsequent to the 1947 recommendation [289], the terminology fo r  an
environmental l im i t  had changed from MAC to Threshold L im it Value (TLV)
defined as " the  maximum average atmospheric concen tra t ion  to which workers 
may be exposed fo r  an e igh t-hour  working day w ithout in ju ry  to hea lth"  [290].

In 1957, the ACGIH adopted a TLV of 100 ppm [291]. The n o ta t io n  "skin"
was added in  1961 by the ACGIH to the TLV of those substances which in
l iq u id  form could p e n e tra te  the sk in  and cause systemic e f f e c t s ;  s ty rene  
was no t so noted [292], In 1962, re p o r ts  by Spencer e t  a l .  [53], Carpenter 
e t  a l .  [68], and an industry  b u l l e t i n  were c i te d  by the ACGIH in  support of 
the s ty rene  TLV of 100 ppm. In 1964, the ACGIH changed the TLV of 100 ppm
fo r  s ty rene  from a TWA value to a c e i l in g  value th a t  should n o t  be exceeded
[293]; the b a s is  fo r  the change was n o t  given.
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In  1967, the ACGIH proposed lowering the TLV fo r  s ty rene  to 50 ppm
[294], and i t  was so l i s t e d  under "Notice of Intended Changes" in the 1967 
and 1968 TLV l i s t s  [295,296]. However, the ACGIH decided in  1969 th a t  the 
TLV fo r  s ty rene  should remain a t  100 ppm bu t as a TWA, i . e . ,  w ith  the 
removal of the c e i l in g  n o ta t io n  [297]. According to the 1969 ACGIH 
tra n sa c t io n s  [298], the recommendation of 100 ppm was based on the 
experim ental human exposure s tu d ie s  of S tew art e t  a l .  [69]. The ACGIH [298] 
s ta te d  th a t ,  in  the study c i te d  [69], none of the su b je c ts  exposed a t  50 ppm 
fo r  1 hour had experienced any symptoms or had abnormal c l i n i c a l  f in d in g s ;  
however, exposure a t  100 ppm produced mild untoward, bu t t r a n s ie n t ,  
su b jec t iv e  responses in  h a lf  the su b jec ts  exposed. In  1981, the ACGIH [299] 
decided to change the styrene  TLV to 50 ppm with a short- te rm  exposure l im i t  
(STEL) of 100 ppm. A TLV of 50 ppm, noted by the ACGIH in  th e i r  1980 
Documentation of the TLVs [300] as being one-ten th  the lowest concen tra tion  
possib ly  causing lymphoid or hem atopoietic  tumors in  female r a t s  s tud ied  by 
Je rsey  e t  a l .  [195], and a STEL of 100 ppm were suggested as being 
reason ab le .

^  Documentation of MAC in Czechoslovakia [301] was published in 1969. The
suggested styrene  l im i t  was 47 ppm fo r  an average exposure, which was 
considered to be adequate to p reven t chronic poisoning, and 235 ppm fo r  a 
peak exposure, which was considered adequate to preven t n a rc o t ic  symptoms. 
In  support of the recommendations, 12 re fe ren ces  were c i t e d ,  includ ing  those 
by Bardodej e t  a l .  [97,143], Carpenter e t  a l .  [68], and Spencer e t  a l .  [53].

In 1970, the American N ational Standards I n s t i t u t e ,  I n c . ,  (ANSI) 
published a s tandard , Z37.15-1969, fo r  accep tab le  concen tra t ions  of styrene 
[302]. There were three components, a l l  assuming an 8-hour workday: (1) an
accep table  TWA fo r  p ro te c t io n  of h e a l th ;  (2) an accep tab le  c e i l in g  
concen tra t ion  fo r  p ro te c t io n  of h e a l th ;  and (3) accep tab le  maximum peaks 
above the accep tab le  c e i l in g .  The ANSI values were a TWA concen tra t ion  of 
100 ppm, a c e i l in g  of 200 ppm (provided the TWA was no t exceeded), and 
maximum peaks of 600 ppm fo r  a du ra tio n  of no t more than 5 minutes once
every 3 hours. These recommendations were based on the re p o r ts  of Spencer
e t  a l .  [53], Carpenter e t  a l .  [68], Wolf e t  a l .  [162], and Stewart e t  a l .  
[69].

The 1969 ANSI Z-37 l im i t  [302] was adopted in  1971 as the Federal OSHA 
standard  (29 CFR 1910.1000, Table Z-2). I t  c o n s is ts  of a TWA concen tra t ion  
of 100 ppm fo r  an 8-hour day, a c e i l in g  concen tra t ion  of 200 ppm, and a
maximum peak of 600 ppm fo r  no more than 5 minutes in  any 3 hours.

A Scandinavian ex p e rt  group c o n s is t in g  of r e p re se n ta t iv e s  from Denmark, 
F in land , Norway, and Sweden, published a review [303] of much of the 
s c i e n t i f i c  and techn ica l  l i t e r a t u r e  on s ty rene  which included the hygienic 
l im i t  values in  force  in various c o u n t r ie s .  According to th e i r  ta b u la t io n ,  
100 ppm was the l im i t  in  A u s t r a l ia ,  Belgium, F in land , Yugoslavia, the 
Netherlands, Sw itzerland , Great B r i t a in ,  and the United S ta te s  (OSHA); 72 
ppm in I t a l y ;  50 ppm in  Denmark, Norway, and Japan; 47 ppm in  Romania,
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Czechoslovakia, and the German Democratic Republic; 24 ppm in  Poland; 12 ppm 
in  Hungary; and 1 ppm in B ulgaria  and Russia [303]. The MAK value (maximum 
concen tra t ion  value in  the workplace) fo r  s ty rene  in  the Federa l Republic of 
Germany is  100 ppm [304], In 1981, Sweden [305] adopted a TWA styrene  
s tandard  of 25 ppm w ith  a 15-minute sh o rt- te rm  value of 75 ppm; styrene  was 
designated as being e a s i ly  absorbed in to  the body.
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V I I .  ASSESSMENT OF EFFECTS

The p r in c ip a l  h e a l th  e f f e c t s  due to s ty rene  exposure involve the c e n t ra l  
nervous system. These e f f e c t s  Include su b je c t iv e  complaints of headache, 
f a t ig u e ,  d iz z in e ss ,  confusion, drowsiness, m alaise , d i f f i c u l t y  in 
concen tra t in g , and a fe e l in g  of in to x ic a t io n .  O bjective signs of these 
e f f e c t s  a re  a l te r e d  equ ilib rium , delayed re a c t io n  times, and abnormal EEGs. 
Local i r r i t a t i o n  of the eyes, nose, and r e s p i r a to ry  t r a c t  and skin 
i r r i t a t i o n  a re  a lso  widely acknowledged as e f f e c t s  of s ty rene  exposure. 
There have a lso  been rep o r ts  of l i v e r  in ju ry ,  p e r ip h e ra l  nervous system 
dysfunction , abnormal pulmonary fu n c tio n , chromosomal changes, reproductive  
e f f e c t s ,  and carc in o g en ic i ty  r e la te d  to s tyrene exposures. Although data 
concerning these l a t t e r  adverse e f f e c t s  a re  no t  w ell defined a t  th is  time, 
they do provide cause fo r  concern.

Experimental s tu d ie s  have provided some of the evidence of adverse 
h e a l th  e f f e c t s  r e la te d  to s ty ren e . Two human su b je c ts  experim entally  
exposed to styrene a t  800 ppm fo r  4 hours experienced eye and th ro a t  
i r r i t a t i o n  immediately [68]. L i s t l e s s n e s s ,  drowsiness, and impaired balance 
occurred during exposure, and su b je c ts  were weak, unsteady, and responded 
poorly a f t e r  the exposure [68], During a one-hour exposure a t  376 ppm, f ive  
human su b jec ts  experienced eye or r e s p i r a to ry  t r a c t  i r r i t a t i o n  w ith in  20 
minutes, and decrements in  t e s t s  of balance, coo rd in a t ion , and manual 
d e x te r i ty  were measured [69]. S ub jec tive  complaints of headache, nausea, 
and a fe e l in g  of s l i g h t  in e b r ia t io n  were a lso  reported  during the same study 
[69]. At 216 ppm, one of th ree  su b je c ts  noted n asa l  i r r i t a t i o n  a f t e r  20 
minutes of exposure [69]. In another experiment [71], simple psychomotor
re a c t io n  times increased fo r  the twelve su b je c ts ,  bu t only a f t e r  consecutive 
30-minute exposures a t  50, 150, 250, and 350 ppm styrene ( i . e . ,  an average 
of 200 ppm during the two-hour te s t in g  p e r io d ) .  Eye i r r i t a t i o n ,  slower
re a c t io n  times, and lo ss  of balance were found in  su b jec ts  during a 
90-minute exposure a t  200 ppm [72],

Some of these experimental s tu d ie s  of human su b jec ts  have a lso  
demonstrated adverse e f f e c t s  of s ty rene  exposure a t  co ncen tra t ions  as low as 
100 ppm. Slower re a c t io n  times (26-28%) were found in th ree  su b jec ts  during 
a 90-minute exposure a t  100 ppm [72]. In the same study [72], s ix  su b jec ts  
who received  a to t a l  of 13 exposures of 90-minute du ra tion  a t  100 ppm 
styrene  noted s leep iness  (92% of the exposures), fa t ig u e  (77%), headache
(77%), d i f f i c u l t y  concen tra t ing  (69%), malaise (54%), n asa l  i r r i t a t i o n
(54%), and nausea (38%). In an experim ental study th a t  la s te d  6 weeks, the 
in v e s t ig a to r s  [70] s ta te d  th a t  there  were changes c o n s is te n t  with CNS 
depression ; three of the s ix  su b je c ts  had both v isu a l  evoked response and 
EEG amplitude changes a f t e r  exposures a t  20, 100, and 125 ppm sty rene . In
the same study [70], the incidence of eye, nose, and th ro a t  i r r i t a t i o n  fo r  
the ten male su b jec ts  was 13% a t  0 ppm, 17% a t  20 ppm, 20% a t  100 ppm, 33% 
during exposures f lu c tu a t in g  between 75 and 125 ppm, and 45% a t  125 ppm 
sty rene . The incidence of eye, nose, and th ro a t  i r r i t a t i o n  fo r  the two 
female su b je c ts  was 8% a t  0 ppm and 32% a t  100 ppm [70]. In  another study 
[69], th ree  of s ix  su b jec ts  noted mild eye or th ro a t  i r r i t a t i o n  during the
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f i r s t  20 minutes of a 7-hour exposure to 99 ppm s ty ren e ; the i r r i t a t i o n
subsided a f t e r  an a d d i t io n a l  30 m inutes. In a d d it io n ,  both simple v isu a l  
and aud iov isua l choice re a c t io n  times in t e s t s  of two su b je c ts  were 22-25% 
slower during a 90-minute exposure a t  50 ppm styrene [72], During a t o t a l  of
6 exposures each of 90-minute du ra tio n  a t  50 ppm in  the same study, the
su b jec ts  noted eye i r r i t a t i o n ,  f a t ig u e ,  and d i f f i c u l t y  concen tra t ing  during
67% of the exposures, and headache during 50% of the exposures; the
incidence of these complaints during exposures a t  0 ppm was 10-20%.

The experim ental study by Oltramare e t  a l .  [72] provides some evidence 
•of CNS depress ion , manifested by su b je c t iv e  complaints and delayed reac t io n  
a b i l i t y  in human su b jec ts  exposed to s ty rene  a t  50 ppm and 100 ppm. The 
experimental s tu d ie s  by Oltramare e t  a l .  [72], Hake e t  a l .  [70], and Stewart 
e t  a l .  [69] in d ic a te  th a t  s tyrene  i r r i t a t e s  the eyes, nose, and th ro a t  of 
some su b jec ts  a t  100 ppm and a few su b je c ts  a t  concen tra t ions  as low as 50 ppm.

There a re  many c l i n i c a l  s tu d ie s  demonstrating these same CNS and
i r r i t a t i o n  e f f e c t s ,  as w ell as o th e r  h e a l th  e f f e c t s ,  among styrene-exposed 
workers. S ubjec tive  complaints in d ic a t iv e  of CNS depression  have been noted 
in  numerous s tu d ie s  [94 ,101,105,106,109,110,112,113,123,138]. Although no 
exposure data were given, 68 of 70 workers in a Russian RP/C p la n t  [101] 
complained of co n s tan t  headache in creas ing  throughout the day w ith  fa t ig u e  
and s leep in ess  in creas ing  a f t e r  the w orksh if t ,  while 46 of the 70 workers 
complained of nausea, d iz z in e ss ,  and h e a r t  pa in . In a study of 128
Czechoslovakian RP/C workers exposed to s ty rene  a t  TWA concen tra t ions  of 
4-195 ppm [105], 20% reported  headache, 15% reported  t i re d n e s s ,  and 13%
reported  symptoms of drowsiness. S im ila r ly ,  h igher incidences of unusual 
t i re d n e s s ,  reduced short- te rm  memory, g id d in ess ,  and headache were reported  
among 33 workers from three Swedish RP/C f a c to r ie s  w ith  TWA styrene 
exposures of 5-174 ppm, than among c o n tro ls  w ith  no so lv en t exposures
[123], S ub jec tive  complaints were a lso  noted among 35 Czechoslovakian RP/C 
workers exposed a t  19-130 ppm sty rene  [106]; these complaints included 
headache (51% of the workers), fa t ig u e  (41%), and drowsiness (34%). In a 
U.S. RP/C fac to ry  w ith  TWA sty rene  exposures of 9-111 ppm, 50% of the 22 
workers complained of headache and 36% of fa t ig u e  [113]. Among 22 workers 
in two RP/C f a c to r i e s  in  the Netherlands who were exposed a t  about 24-94 ppm 
styrene [110], 50-90% complained of drowsiness, and 30-70% noted headache
and d iz z in e ss .  Headache was reported  by 36% and drowsiness by 24% of 55 
Czechoslovakian RP/C workers exposed a t  6-94 ppm styrene  [109],

Among 81 Swedish RP/C workers with  TWA sty rene  exposures of 3-312 ppm, 
but with  74% le ss  than 100 ppm [112], the following su b jec t iv e  complaints 
were rep o rted : fa t ig u e  (60% of the w orkers), d izz in e ss  (38%), headache
(25%), poor memory (21%), and nausea (14%). Among 27 English  RP/C workers 
exposed to s tyrene a t  about 92 ppm, 52% f e l t  unduly t i r e d  compared to 19% of 
a c o n tro l  group comprised of workers in  the same fa c to ry ,  bu t w ithout
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exposure to s ty rene  [138]. Complaints of f requen t headaches were reported  
by 38% of the 40 workers in  a Russian po lystyrene  production f a c i l i t y  where 
styrene  exposures sometimes exceeded 12 ppm [94].

Slower re a c t io n  times [111,392] and abnormal EEGs [118,124,125] have 
a lso  been reported  in  c l i n i c a l  s tu d ie s .  The re a c t io n  times of seven Swedish 
RP/C workers w ith  TWA exposures of 3-14 ppm sty rene  [392] were s ig n i f i c a n t ly  
slower (p<0.05) than the comparison group; however, the in v e s t ig a to r s  were 
unable to determine whether s ty rene  was re sp o n s ib le .  S ig n i f ic a n t ly  longer 
re a c t io n  times as compared to age-matched c o n tro ls  were a lso  found in  106 
workers from four Swedish RP/C p lan ts  where TWA sty rene  exposures were 
10-120 ppm [111].

At a F inn ish  RP/C f a c i l i t y  where the average s ty rene  exposure was 
estim ated  from u r in a ry  mandelic ac id  measurements to be about 30 ppm, 23 of 
96 workers (24%) had EEGs judged to be abnormal [124,125], Among 35
Czechoslovakian RP/C workers w ith  TWA sty rene  exposures of 19-130 ppm, only 
f iv e  of e igh teen  EEGs given were judged to be normal [106], In a subsequent 
Czechoslovakian c l i n i c a l  study of 21 RP/C workers [108], some had abnormal 
EEGs a f t e r  th ree  years  of s ty rene  exposure (co ncen tra t ion  was no t
s p e c i f ie d ) ,  whereas no abnormal EEGs were found during a pre-exposure 
examination. In  a study of P o lish  RP/C workers [118], abnormal EEGs were 
found In 31 of 43 workers (72%) w ith  about one year of s ty rene  exposure a t  
25-75 ppm, and in  four of twenty-one workers (19%) w ith  ten years of
exposure a t  about 75 ppm.

Styrene has a lso  been shown to cause i r r i t a t i o n  of the eyes
[35,53,58,61,104,110,113,126] and re s p i r a to ry  t r a c t  [35 ,53 ,56 ,59 ,93 ,104 ,113 ,
114,115,123,126] of exposed workers. Complaints of i r r i t a t i o n  of the eyes 
and nasopharynx were common in a study of 17 Swedish RP/C workers whose TWA 
styrene  exposures were 17-292 ppm [35], In  a U.S. RP/C f a c i l i t y  where 
s ty rene  exposures were 45-550 ppm [104], complaints of eye, nose, or th ro a t  
i r r i t a t i o n  were made by 34 of the 35 workers (97%) examined. Among 22
workers in  two RP/C f a c i l i t i e s  in  the Netherlands who were exposed a t  24-94 
ppm s ty ren e , 90% complained of eye i r r i t a t i o n  [110]. Complaints of
i r r i t a t i o n  of the mucous membranes of the r e s p i r a to ry  t r a c t  were reported  by 
44% of the workers in  a Russian po lystyrene  production f a c i l i t y  where
s ty rene  exposures were ch a ra c te r iz e d  as sometimes exceeding 12 ppm [94], In 
a U.S. RP/C f a c i l i t y  w ith  TWA sty rene  exposures of 9-111 ppm, 93% of the 14 
workers Interviewed complained of eye i r r i t a t i o n ,  50% of nose i r r i t a t i o n ,  
and 29% of th ro a t  i r r i t a t i o n  [113]. The reported  incidence of th ro a t
i r r i t a t i o n  was h igher in  33 workers from three Swedish RP/C f a c to r i e s  (where 
TWA sty rene  exposures ranged from 5-175 ppm) than in  c o n tro ls  w ith  no
so lven t exposures [123]. A group of 96 F inn ish  RP/C workers whose average 
s tyrene  exposure was estim ated  from u r ina ry  mandelic acid  measurements to be 
about 30 ppm, frequen tly  experienced i r r i t a t i o n  of the eyes and nose [126],

There i s  some evidence of s tyrene-induced p e r ip h e ra l  neuropathy. The 
frequencies of d i s t a l  hypoesthesla  of the lower e x tre m it ie s  and hypoactive
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deep tendon re f le x e s  increased with dura tion  of exposure in  s ty rene  and 
polystyrene  production workers [81], The data presented did no t c l a r i f y ,  
however, whether the changes were due to age or to s ty rene  exposures which, 
a t  the time of the study, were u sually  le s s  than 20 ppm [81]. The f ind ings 
of impaired r a d ia l  nerve conduction in 15 of 80 workers and impaired 
peroneal nerve conduction in 12 of 73 workers was a lso  reported  [81].
Although the e f f e c t s  on the r a d ia l  or peroneal nerve were n o t  r e la te d  to the 
magnitude of exposure, those e f f e c t s  on the peroneal nerve were r e la te d  to 
the dura tion  of exposure to s ty ren e . However, these e f f e c t s  a lso  could have 
been r e la te d  to age; moreover, the changes were no t s t a t i s t i c a l l y
s ig n i f i c a n t .  In  a Swedish study [123], 10 of 33 workers w ith  TWA exposures 
of about 5-125 ppm had evidence of a mild sensory neuropathy with  polyphasic 
response. Although the 10 a f fe c te d  RP/C workers were o ld e r ,  the
in v e s t ig a to r s  [123] concluded th a t  age alone was n o t  the cause. In a
F inn ish  study [124], s l i g h t ly  abnormal nerve conduction v e lo c i t i e s  were 
found in 9 of 40 workers in a f a c i l i t y  where the average styrene exposure 
was estim ated  from urinary  mandelic acid  to be about 31 ppm. In  4 of the 9 
a f fe c ted  workers (1 w ith  mononeuropathy, 3 w ith  polyneuropathy) no cause 
o ther than styrene  exposure could be found; however, there  was no 
a s so c ia t io n  between u rinary  mandelic ac id  concen tra t ion  and nerve conduction 
v e lo c i ty  in the four workers w ith  unexplained a b n o rm ali t ie s .  Neurological 
e f f e c t s  reported  in a Czechoslovakian RP/C p la n t  [106] included c ra n ia l  
nerve d is tu rbances  ( in  91% of the w orkers), diminished re f le x e s  (86%), and 
impaired balance (83%). Among 101 P o lish  RP/C workers w ith  one year of 
exposure to 25-75 ppm of s ty rene , 26 had signs th a t  the in v e s t ig a to r s  [115] 
c l a s s i f i e d  as autonomic nervous system d is tu rbances ;  hyp oesthes ia , whitening 
of the f in g e r s ,  trembling of the hands, weakened re a c t io n s ,  c a t ' s  eye 
p u p ils ,  e x c i t a b i l i t y ,  and nystagmus were noted among the 26 workers. While 
the evidence fo r  chronic nervous system damage (p e r ip h e ra l  neuropathy or CNS 
changes) from styrene exposure i s  n o t  s trong , fu r th e r  study is  warranted due 
to the importance of these e f f e c t s .

The data on poss ib le  long-term re s p i r a to ry  e f f e c t s  of styrene i s  a lso  
l im ited . Among 35 U.S. RP/C workers exposed to s ty rene  a t  44-550 ppm, about 
h a lf  complained of wheezing, sho rtness  of b re a th ,  or c h es t  t ig h tn ess  [104]; 
exposure to an isocyanate  (MDl), another r e s p i ra to ry  system i r r i t a n t ,  a t  
0 .01-0.27 mg/cu m (the  OSHA standard  i s  a c e i l in g  value of 0.2 mg/cu m) 
might have con tr ib u ted  to these e f f e c t s .  A po ss ib le  r e la t io n s h ip  between 
styrene exposure and a h is to ry  of wheezing or ches t t ig h tn ess  was suggested 
in  a study of workers making s tyrene and polystyrene [82]; there  appeared to 
be some sp irom etr ic  evidence of airway o b s tru c t io n ,  bu t n o t s ig n i f i c a n t ly  
r e la te d  to exposure. C onjunctival i r r i t a t i o n  re la te d  to styrene  exposure 
was a complaint in  22% of these workers [82]. In a U.S. RP/C fac to ry  with 
TWA sty rene  exposures of 9-111 ppm [113], 54% of the workers complained of 
shortness  of b re a th ,  23% of ch es t  t ig h tn e s s ,  and 18% of wheezing; however, 
v e n t i la to ry  func tion  was s ig n i f i c a n t ly  changed during the s h i f t  only in 
those workers th a t  smoked. Four cases of reduced FEV]̂  were found among 21 
RP/C workers exposed to styrene  a t  approximately 75 ppm fo r  about 10 y e a rs ,  
bu t whether the cause was age, s ty rene  exposure, or o ther  f a c to r s  was not 
c le a r  [114]. In another c l i n i c a l  study [91], a s i g n i f i c a n t ly  g re a te r
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number of RP/C workers had abnormal pulmonary function  ( i . e . ,  FVC le s s  than 
80% of p red ic ted  va lues , FEV^/FVC X 100 below 70, FEV]̂  le ss  than 80% of 
p re d ic ted  va lues ,  and FEF(25-75) le ss  than 70% of p red ic ted  v a lu e s ) ,  when 
compared to unexposed workers from an e le c t ro n ic  products p la n t .

Although various c l i n i c a l  s tu d ie s  [82,96,103,113,115,116,120] have 
suggested th a t  styrene exposure has a f fe c te d  l i v e r  func tio n , a c le a r  
re la t io n s h ip  has no t been demonstrated; c la r i fy in g  resea rch  i s  needed. In 
any case, pe r io d ic  screening of the l i v e r  func tion  of s ty rene  workers should 
be conducted due to the importance of th is  organ in the b io transfo rm ation  
and d e to x if ic a t io n  of toxic  substances.

There i s  suggestive bu t c o n f l ic t in g  evidence of mutagenicity by 
s ty rene . Workers exposed to styrene in re in fo rced  p l a s t i c s  a p p lic a t io n s  
[76,129,130,131,132] had an increased incidence of chromosomal a b e r ra t io n s .  
There were more chromosomal a b e r ra t io n s  (16.7 vs. 1.8/100 c e l l s  in c o n tro ls ,  
p<0.001) among 10 F inn ish  RP/C workers whose average s tyrene exposure was 
estim ated from urinary  mandelic ac id  measurements to be about 30 ppm [129], 
In a r e la te d  study of 16 RP/C workers [130], which included 8 workers from 
the previous study [129], a s t a t i s t i c a l l y  s ig n i f i c a n t  increase  in the 
incidence of chromosomal a b e r ra t io n s  was found (15.1 vs. 2.0/100 c e l l s  in 
the c o n tro ls ,  p<0.001); th is  was confirmed when 10 of the 16 workers were
reexamined a year l a t e r  and the incidence was 16.2%. In a Swedish RP/C
fac to ry  with s ty rene  exposures of 14-73 ppm [131], an increased  frequency of 
chromosomal a b e r ra t io n s  was a lso  found (10.8 vs. 5.2/100 c e l l s ,  p<0.001). 
In a study of an RP/C fac to ry  where s ty rene  exposures were 8-158 ppm [132], 
the 39 styrene-exposed workers s tud ied  had a s ig n i f i c a n t ly  higher incidence 
of chromosomal a b e r ra t io n s  as compared w ith  c o n tro ls  (7 .9  vs . 3.9/100 c e l l s ,  
p<0.001). There was a lso  a s i g n i f i c a n t  increase  in the average frequency of
s i s t e r  chromatid exchanges (8 .4  vs . 7.5 SCE/cell) in  20 of the same RP/C
workers [132]. In another study [76], a s i g n i f i c a n t  excess of chromosomal 
a b e rra t io n s  in 14 RP/C workers as compared to 20 c o n tro ls  was a lso  found
(9.2 vs. 5.5%); styrene concen tra tions  ranged from 50 to 300 ppm, but
u rina ry  mandelic acid  concen tra t ions  fo r  the RP/C workers were le ss  than
1,500 mg/1 (eq u iv a le n t  to an 8-hour TWA sty rene  exposure of about 80 ppm).

Conversely, mutagenic a c t i v i t y  has n o t  been found in most in  v i t r o  t e s t s  
of s ty rene . This has been the case with  typhimurium [ 172, 173,174,176], 
E. c o l i  [174], the yeas ts  Ŝ _ pombe and Sj  ̂ c e re v is ia e  [175], and cu ltu red
Chinese hamster c e l l s  [175,176]. However, a few s tu d ie s  [171,177,178] have 
found weak evidence of the m utagenicity of s tyrene  in  S. typhimurium.

A dose-response r e la t io n s h ip  has been shown in the induction  of s i s t e r  
chromatid exchanges in  human whole blood lymphocyte c u l tu re s  tre a te d  with  
styrene [181], In a study of unscheduled DNA sy n thes is  in lymphocytes of 
s tyrene-exposed workers, s tyrene did no t a l t e r  the e f f ic ie n c y  of DNA re p a i r  
bu t r a th e r  predisposed the lymphocytes to an increased r i s k  fo r  DNA damage 
from subsequent exposures to genotoxic  agents [137]. Some s tu d ie s  in  lower
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mammals suggest mutagenicity by s tyrene  while o thers  suggest o therw ise. 
In v i t r o  s tu d ie s ,  such as the Ames t e s t s ,  te n ta t iv e ly  suggest th a t  styrene  
i s  n o t  mutagenic. C lear ly ,  these c o n f l i c t s  in  the data  on the m utagenicity 
of styrene need to be reso lved . These same t e s t s ,  on the o ther  hand, 
uniformly show styrene  oxide to be mutagenic. Styrene oxide, a lso  known as 
s tyrene epoxide, has been proposed [224,225] as an in term edia te  in  the 
metabolism of s ty rene , bu t i t  has n o t  been found in  v ivo . The a b i l i t y  of 
epoxides to r e a c t  with nuc le ic  a c id s ,  and possib ly  lead to germinal or
somatic m utations, i s  a major concern in  the question  of in term ediary 
metabolism of s ty rene . Whether s ty rene  oxide ( i f  formed) i s  p resen t  long
enough to bind covalen tly  to gene tic  m a te r ia l  or o th e r  macro molecules i s  
no t known. Airborne s tyrene oxide i s  p re se n t  in some workplaces, apparently  
those in which peroxides and s ty rene  are  mixed [233,269]. While the 
to x ic i ty  of s ty rene oxide has no t been adequately  s tud ied , i t  i s  mutagenic 
and carc inogen ic . I t s  h e a l th  s ig n if ic a n c e  in  these workplaces needs 
eva lua tio n  both in  terms of i t s  own to x ic i ty  and poss ib le  toxic  in te ra c t io n s  
with  s ty rene  and o ther  chemical substances .

There have been a few re p o r ts  of d e fec ts  in ch ild re n  born to women 
exposed to s ty rene  [66], bu t th is  im p lica tion  of te ra to g e n e s is  has n o t  been 
confirmed by experimental animal s tu d ie s  [190,191,192,193]. I t  has been 
demonstrated, however, th a t  s ty rene  can cross the r a t  p lacen ta  and th a t  
s tyrene  concen tra t ions  in f e t a l  blood are  almost as high as in  maternal 
blood [189], Styrene can a lso  cross the human p la c e n ta ,  as demonstrated by
the f a c t  th a t  styrene was found in  um bilica l cords [65].

An increased incidence of spontaneous abortions  among F inn ish  styrene  
workers has been reported  [139], However, the study involved only s ix  
cases , and the in v e s t ig a to r s  [139] were n o t  able  to c o n tro l  fo r  smoking or 
economic s ta tu s  (two v a r ia b le s  th a t  a re  r i s k  fa c to r s  in spontaneous 
a b o r t io n s ) .  In  1982, the same F inn ish  in v e s t ig a to r s  [140] reported  th a t  67 
female RP/C workers, p r io r  to the period of exposure, had no s ig n i f i c a n t  
d i f fe re n c es  in  th e i r  reproductive  outcomes as compared to c o n t ro ls ,  matched 
fo r  age and so c ia l  c la s s ,  w ith  no so lven t exposures. During styrene  
exposure the numbers of pregnancies were no t s ig n i f i c a n t ly  d i f f e r e n t ,  bu t 
there  were s ig n i f i c a n t ly  fewer b i r t h s  among the RP/C workers (4 vs. 14); one 
cause was an increased (although n o t s ig n i f i c a n t ly )  number of induced 
abo rtio ns  (8 vs . 4 ) .  The number of spontaneous abo rt io ns  was id e n t ic a l  with 
four in  the exposed group and four in the c o n tro l  group. Suggestions th a t  
sty rene  i s  te ra togen ic  and a b o r t i f a c i e n t  need to be pursued, b u t re so lu t io n  
w i l l  be d i f f i c u l t  because of the problems ty p ic a l ly  a sso c ia te d  w ith  a ttem pts 
to r e l a t e  human de fec ts  to causal f a c to r s .  However, the f ind ings  presented 
above provide strong  ra t io n a le  fo r  an in v e s t ig a t iv e  program, including 
app rop r ia te  recordkeeping and r e g i s t r i e s ,  to develop e t io lo g i c a l  inform ation 
on b i r t h  d e fec ts  and abortions  a sso c ia te d  w ith  occupational exposures.

There seems to be l i t t l e  b a s is  from experimental animal in v e s t ig a t io n s  
or ep idem iological s tu d ie s  to conclude a t  th is  time th a t  s ty rene  is  
carc inogen ic . Two animal s tu d ie s  [196,197] reported  an increased  incidence 
of lung tumors, bu t n o t  c o n s is te n t ly  e i th e r  in  one sex or in one
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sp ec ie s .  Another animal study [195] reported  an e le v a t io n  (no t 
s t a t i s t i c a l l y  s ig n i f i c a n t )  in the combined incidence of leukemia and 
lymphoma. E x is t in g  m o rta l i ty  s tu d ie s  [31,78,83,84,142] have shown no 
r e la t io n s h ip  between styrene  exposure and an excess in  the incidence of 
deaths in  the o v e ra l l  category , "All Malignant Neoplasms." However, excesses 
of deaths were reported  in the s p e c i f ic  cancer c a teg o r ie s  "Lymphatic and 
Hematopoietic, except Leukemia" (7 observed vs . 5.3 expected, no t 
s ig n i f i c a n t ly  d i f f e r e n t )  and "Leukemia" (6 observed vs . 3.4 expected, no t 
s ig n i f i c a n t ly  d i f f e r e n t )  in the study by O tt  e t  a l .  [31]. While the evidence 
developed so f a r  concerning the c a rc in o g en ic i ty  of s ty rene  is  no t 
conclus ive , i t  does provide s u f f i c i e n t  bases fo r  c a re fu l ly  considering  to 
what e x te n t  workers a re  exposed to s ty rene  and fo r  i n s t i t u t i n g  co n tro ls  to 
reduce those exposures. The recommendation of NCI [197] fo r  a d d i t io n a l  
animal experim entation to add more evidence because of d e f ic ie n c ie s  in
p re sen t  da ta  seems the most a p p ro p r ia te  recommendation th a t  can be made 
now. Two fa c to r s  w arrant a high p r i o r i t y  fo r  in v e s t ig a t io n s  to help resolve  
th is  im portant is sue :  the commercial importance of s ty rene  and the large
popula tion  th a t  i s  exposed to the compound.

The experim ental evidence [69,70,72] fo r  styrene-induced h e a l th  e f f e c t s  
a t  a concen tra t ion  of 100 ppm is  no t s trong ; however, there  a re  many
c l i n i c a l  s tu d ie s  showing s im i la r ,  as w ell as o th e r ,  adverse h e a l th  e f f e c t s  
in  occupational s e t t in g s .  Although these workers a lso  had p o te n t ia l  
exposures to o ther  substances, th e i r  major exposure was to s ty rene . 
A d d it io n a l ly ,  in  some of the s tu d ie s ,  peak and TWA sty rene  exposures may 
sometimes have exceeded 100 ppm, bu t exposures fo r  most workers were judged 
to be a t  TWA sty rene  concen tra tions  a t  about 100 ppm [76 ,81 ,82 ,84 ,91 ,94 ,106 , 
109,110,111,112,113,115,118,120,124,129,130,131,132,138,392]. CNS e f f e c t s  
noted in  those workers exposed to s ty rene  a t  or below 100 ppm included 
su b jec t iv e  complaints such as fa t ig u e ,  d iz z in e ss ,  headache, nausea, poor 
memory, and drowsiness [106,109,110,112,113,138]; increased re a c t io n  times 
[111,392]; abnormal EEGs [106,118,124]; and impaired balance [106].
Chromosomal changes were a lso  more frequen t In the lymphocytes of
styrene-exposed workers in seve ra l  RP/C f a c to r i e s  w ith  TWA exposures of 
about 100 ppm than among co n tro ls  [76,129,130,131,132].

Based on the adverse h e a l th  e f f e c t s  demonstrated in  experimental 
su b jec ts  and workers exposed to s ty rene  concen tra t ions  a t  and below 100 ppm, 
a TWA exposure l im i t  of 50 ppm i s  proposed over the w orksh if t  fo r  up to a 
10-hour workday and a 40-hour workweek. This recommendation is  fu r th e r  
supported by s tu d ie s  showing e f f e c t s  such as slower rea c t io n s  [72], 
su b jec t iv e  complaints r e la te d  to CNS depression  [72], and abnormal EEGs
[124] a t  s ty rene  concen tra t ions  around 50 ppm.

A c e i l in g  l im i t  of 100 ppm based on a 15-minute sampling period i s  
recommended to preven t acute  i r r i t a t i o n  e f f e c t s  on the eyes and upper 
re s p i ra to ry  system. Since s ty rene  is  a d e fa t t in g  agent and can cause 
primary sk in  i r r i t a t i o n  [234] and d e rm a ti t is  [54 ,56,61,91,104,113,
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122,126] in  workers, as w ell as be absorbed percutaneously  [86,151,152], 
skin c o n ta c t  w ith  styrene  should be avoided through the use of good work 
p ra c t ic e s  and personal p ro te c t iv e  c lo th in g .

Other toxic  e f f e c t s  such as p e r ip h e ra l  neuropathy, abnormal pulmonary 
fu n c tio n , l i v e r  to x ic i ty ,  m utagen ic ity , t e r a to g e n ic i ty ,  and ca rc in o g en ic i ty  
would be re le v a n t  to an occupational exposure l im i t  i f  the a v a i la b le  
inform ation  e s ta b l ish e d  them as e f f e c t s  of s ty rene  exposure or gave 
inform ation on exposure-response r e l a t io n s h ip s .  These h e a l th  e f f e c t s  need 
fu r th e r  in v e s t ig a t io n  and would provide a d d i t io n a l  evidence fo r  a reduction  
in  the c u r re n t  occupational exposure standard i f  they were found to be 
s ty re n e - re la te d .
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V I I I .  METHODS OF WORKER PROTECTION

Informing Workers of the Hazards of Styrene
Each worker w ith  p o te n t ia l  exposure to s ty rene  should be informed of (1) 

re le v a n t  p ren a rc o t ic  symptoms, (2) e f f e c t s  of overexposure, including 
suspected but as y e t  unproven e f f e c t s ,  (3) proper use and handling of 
s ty rene , (4) methods th a t  minimize exposure, (5) proper maintenance 
procedures and cleanup methods, (6) c o r re c t  use of p ro te c t iv e  c lo th in g  and 
equipment, includ ing  re s p i ra to ry  dev ices ,  (7) engineering  c o n tro ls  in  use or 
being planned to l im i t  exposures, and (8) medical and environmental 
m onitoring procedures in  use . The advantages to the worker of p a r t i c ip a t in g  
in the monitoring procedures should be s t re s s e d .  Oral as w ell as w r i t te n  
in s t ru c t io n s  informing workers of proper handling methods, cleanup and 
emergency procedures, use of personal p ro te c t iv e  equipment, e tc .  should be 
presented  by persons q u a l i f ie d  by experience or t r a in in g  in  occupational 
sa fe ty  and h e a l th  as p a r t  of a con tinu ing  education  program. The NIOSH 
p u b lic a t io n  A Recommended Standard--An I d e n t i f i c a t io n  System fo r
Occupationally  Hazardous M a t e r i a l s [ 3 0 6 ] s h o u ld b e  used as a g u i d e  when 
preparing  w r i t t e n  m a te r ia l  fo r  r e a d i ly  a v a i la b le  re fe rence  on the re le v a n t  
p h y s ica l ,  chemical, and to x ic o lo g ic a l  p ro p e r t ie s  of s ty rene  or of mixtures 
or form ulations con ta in ing  the compound. Required inform ation s h a l l  be 
recorded on the "M aterial Safe ty  Data Sheet" shown in  Appendix I I I , or on a 
s im ila r  form approved by OSHA, U.S. Department of Labor. P e r t in e n t  
inform ation on over 1,300 substances may be found in  the Hazardous Chemicals 
Data Book [307] or o ther  s im i la r  re fe re n c es .

Workers should a lso  be in s t ru c te d  on th e i r  r e s p o n s ib i l i t i e s  fo r  proper 
work p ra c t ic e s  and s a n i t a t io n  procedures to help p ro te c t  the h e a l th  and
sa fe ty  of themselves and th e i r  fe llow  workers.

Work P ra c t ic e s
(a) S torage , Handling, and T ran sp o r ta t io n
Because of the v o l a t i l e  and flammable na tu re  of s ty rene  (see 

Table I I I - l ,  p. 17), proper handling and s torage should be given sp ec ia l  
a t t e n t io n .  Good v e n t i l a t io n  systems w ith  explosion-proof motors a re
necessary in a reas  where s tyrene  i s  handled and s to red . Grounding of a l l  
equipment, tank cars  and trucks , and hose connections w i l l  d ischarge  s t a t i c  
e l e c t r i c i t y .  An i n l e t  l in e  th a t  d ischarges a t  or near the bottom of the 
tank and makes e l e c t r i c a l  c o n tac t  w ith  the tank w i l l  e l im ina te  uncon tro lled  
e l e c t r i c a l  d ischarges  [308]. I f  the i n l e t  l in e  cannot reach the tank
bottom, a chain should be a ttached  th a t  does reach [309],

P recau tions to ensure th a t  s ty rene  vapor does n o t  ig n i te  a re  mandatory 
fo r  safe  c o n d i t io n s ,  e s p e c ia l ly  a t  e leva ted  tem peratures. Recommendations
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include: (1) reg u la r  in spec t ion  of equipment and s to rage  tanks, (2)
immediate r e p a i r  of leaks, pumps, and l i n e s ,  (3) v e n t i l a t io n  to reduce vapor
c o n cen tra t io n s ,  (4) use of sp e c ia l  nonsparking a l lo y  to o ls ,  (5) pe r io d ic
te s t s  of p ressure  equipment, (6) rap id  removal of s p i l l s ,  and (7)
e l im in a tio n  of ig n i t io n  sources [309]. P o r tab le  e l e c t r i c  l i g h t s  and power 
too ls  must conform with  the N ational E le c t r i c a l  Code, A r t ic le  500 [310]. 
Receptacles th a t  conta in  s tyrene monomer or ho t s ty ren e -co n ta in in g  re s in s  
must be t ig h t ly  covered a t  a l l  times except when m a te r ia l  is  removed. Safety 
cans can be used to hold working amounts of l iq u id  s ty ren e .

Styrene may polymerize i f  i t  comes in c o n ta c t  w ith  ox id iz ing  agents and 
c a t a ly s t s  such as peroxides, s trong  ac ids  ( e . g . ,  s u l fu r ic  or h yd ro ch lo r ic ) ,  
aluminum t r i c h lo r id e ,  phosphoric anhydride, and iron  c h lo r id e .  Storage of
styrene  away from oxid iz ing  agen ts ,  c a t a l y s t s ,  and strong  ac ids  w i l l  a lso  
help p reven t explosions or f i r e s .  C en tr ifu g a l pumps w i l l  cause 
polym erization  i f  allowed to run with  a c losed d ischarge l in e .  Storage of 
s tyrene  outdoors or in  detached a reas  can be advantageous [311].

I f  s ty rene  i s  s to red  more than 30 days a t  90°F (about 32°C) or above, 
the in h ib i to r  concen tra t ion  must be checked a t  l e a s t  bi-weekly [312]. 
Styrene s to rage  con ta iners  can be in s t a l l e d  with  a temperature alarm system 
to s ig n a l  i n t e r i o r  temperature in c rease s  th a t  may r e s u l t  in runaway 
polym erization , a sp ec ia l  concern in hot c lim ates  [309,313], The ra te  of 
polymer formation in s torage  tanks can be reduced by cooling the tank by 
means of a water spray, r e f r ig e r a t io n ,  in s u la t io n ,  or r e f l e c t i v e  p a in t in g  [313].

C a ta ly s ts ,  promoters, and a c c e le ra to r s  should be s to red  in  cool, dry, 
dark a reas  away from reducing agen ts ,  and in  th e i r  o r ig in a l  shipping 
con ta in ers  [314]. F u l le r  and Jensen [314] a lso  suggested th a t  only a 1-day 
supply of peroxides be kep t in  lam inating a re a s .  (As was discussed in 
Chapter V, s ty rene  and peroxides can poss ib ly  r e a c t  to form another toxic 
compound, s ty rene  ox ide .)

(1) Drums
Unless drums a re  unloaded c a r e f u l ly ,  they may be damaged; dropping 

or bumping drums can lead to leaks or ru p tu re s .  Examination of each shipment 
fo r  leaks can id e n t i fy  those drums th a t  need sp e c ia l  handling. I f  any are  
found, s p i l la g e  can be minimized by tu rn ing  the leaking p a r t  up while they 
a re  being moved to a safe  place to stop the leak or by t r a n s fe r r in g  the 
con ten ts .

C ontainers th a t  have held s ty rene  monomer must be thoroughly 
cleaned with steam and then drained and dried  before  reu se , because small 
amounts of the monomer may remain and p re se n t  a f i r e  hazard. Explosions can 
occur i f  drums are  n o t  f i l l e d  and emptied c a re fu l ly  as demonstrated in  a 
re p o r t  by the Manufacturing Chemists A ssoc ia t ion  [315]. A supposedly empty 
drum was placed over a steam l in e  so th a t  the drum could be cleaned. The 
re s id u a l  s ty rene  ig n ite d  (probably due to a d ischarge of s t a t i c  e l e c t r i c i t y
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between the nozzle of the steam lin e  and the drum) and then exploded. Drums 
cleaned by steam should be e l e c t r i c a l l y  bonded to the steam l in e s  and the 
e n t i r e  assembly grounded.

A s im i la r  acc id en t occurred [316] when a worker who was f i l l i n g  
drums w ith  styrene  f a i le d  to ensure th a t  the drums were properly  grounded. 
While the l a s t  drum was being f i l l e d ,  the worker moved i t ;  a spark 
discharged between the f i l l i n g  l in e  and the drum, causing an explosion.

Before drums are  emptied they should be supported and blocked to 
preven t movement. When f i l l i n g  open con ta in ers  from a drum, e l e c t r i c a l  
bonding must be provided to p reven t s t a t i c  sparks. Styrene workers should 
avoid s t r i k in g  f i t t i n g s  w ith  too ls  or o ther  hard o b jec ts  th a t  may cause 
sparks. The N ational F ire  P ro te c t io n  A ssocia tion  (NFPA) Standard No. 77, 
" S ta t ic  E le c t r i c i t y "  [317], conta ins d e ta i le d  Information on the su b je c t .

During lay-up operations in the re in fo rced  p l a s t i c s  in dustry ,  i t  i s  
recommended th a t  a l l  s tyrene monomer be kep t in sa fe ty  cans, r a th e r  than in 
large  open c o n ta in e rs ,  to preven t high lo ca l  styrene co ncen tra t ions .

(2) Tank Trucks and Cars
F ire  hazards around tank trucks and cars  can be reduced by turning 

o ff  truck motors and n o t s t a r t i n g  them while tank trucks a re  being loaded or 
unloaded. I f  tank trucks and cars  a re  unloaded through an open dome, the 
unloading equipment must be e l e c t r i c a l l y  bonded and grounded before  
opera tions a re  s t a r t e d .  Use of a rubber-type f l e x ib le  hose to unload
styrene  i s  no t  recommended because i t  may n o t be r e s i s t a n t  to s ty rene . 
F luoroelastom er hoses, however, a re  s a t i s f a c to r y  because they a re  more 
r e s i s t a n t  to s ty rene  p e n e tra t io n  [308].

There are  o ther  hazards involved in  t r a n s fe r r in g  styrene from or to 
tanks th a t  should be id e n t i f i e d ,  so th a t  workers can be in s t ru c te d  on 
app rop ria te  p recau tions .  This is  exem plified in  the case of one worker who, 
a f t e r  unloading s tyrene  from a tank car  [315], d isconnected a supposedly
empty l in e  th a t  was, in f a c t ,  f i l l e d  w ith  s ty rene .  The s tyrene s p i l l e d  on
h is  face and shoulders; although he was wearing sa fe ty  g lasses  and a hard 
h a t ,  the s tyrene  ran down h is  forehead and in to  h is  eyes. D e ta i ls  regarding 
the e x te n t  of h is  in ju r ie s  were no t provided. A fte r  th is  acc id e n t ,  rubber 
gloves and goggles were worn by personnel who unloaded tank c a rs ,  and
w r i t te n  gu ide lin es  were provided th a t  d e ta i le d  safe  procedures fo r  unloading tank cars  [315].

Department of T ran spo rta t ion  (DOT) re g u la t io n s  th a t  apply to the 
handling, unloading, and t ra n sp o r ta t io n  of hazardous substances a re  s e t  
f o r th  in 49 CFR 100-199.
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(3) Return and Disposal P recau tions fo r  Styrene Containers
Extra care  in completely d ra in in g  the conten ts  and properly  c losing

a l l  openings before  shipping con ta in ers  are  re tu rned  to su p p lie rs  w i l l  help
preven t explosion and f i r e .  As soon as a tank car or truck is  completely
unloaded, a l l  valves must be closed t i g h t l y ,  the unloading connection 
removed, and a l l  o ther c lo su res  made t i g h t ,  except the hea te r  c o i l  i n l e t  and 
o u t l e t  p ipes ( i f  any), which must be l e f t  open fo r  dra inage .

(b) S a n i ta t io n  and Hygiene
In  the i n t e r e s t  of good hygiene and to preven t a c c id e n ta l  Ingestion  of 

s ty rene ,  i t  is  important th a t  s to r in g ,  handling, d ispensing , and e a t in g  of 
food be p ro h ib ited  in  a l l  a reas  where sty rene  i s  kept or used. I t  i s  a lso  
important th a t  workers who handle s tyrene wash th e i r  hands thoroughly before 
e a t in g ,  smoking, or using t o i l e t  f a c i l i t i e s .  Workers should a lso  be
provided with f a c i l i t i e s  so they can shower with  soap and water a t  the end 
of each w o rk sh if t ,  or as soon th e r e a f te r  as p ra c t ic a b le  before leaving 
work. F a c i l i t i e s  such as double lockers should be provided fo r  workers so 
so ile d  c lo th in g  can be s tored  sep a ra te ly  from c lean  c lo th in g .

Clothing th a t  has become sa tu ra te d  with s ty rene  must be removed
immediately because styrene  i s  absorbed through the sk in  [151,152,153], 
Because sk in  absorp tion  can occur, contaminated sk in  must be promptly washed 
with  soap and water. Use of acetone or o ther  organic so lvents  to clean
s ty rene  from the skin can be harmful since  they may be tox ic  themselves and 
c o n tr ib u te  to the e f f e c t s  of s ty ren e . In case of eye co n ta c t ,  f lu sh  the 
eyes immediately with  a copious flow of water fo r  15 minutes to prevent 
corneal in ju ry .  I f  i r r i t a t i o n  p e r s i s t s ,  g e t  medical a t t e n t i o n .  Eye con tac t  
can be prevented i f  workers wear sp lash -p roof  sa fe ty  goggles or face sh ie ld s  
th a t  comply w ith  29 CFR 1910.133(a).

(c) Housekeeping
Good in d u s t r i a l  housekeeping i s  im perative to preven t f i r e s  or 

a cc id e n ta l  Ingestion  where s tyrene i s  used. Vacuuming of work a reas  a t  the 
end of each s h i f t  to remove p a r t i c u la t e  m atter such as polymer dus t,  f ib rous  
g la s s ,  and f ib rous  g la s s - re in fo rc e d  p l a s t i c  dus t  i s  a simple and e f f e c t iv e  
measure.

Styrene s p i l l s  should be cleaned up immediately a f t e r  e l im ina ting
p o te n t ia l  sources of ig n i t io n  and using a v a i la b le  v e n t i l a t i o n .  Stopping
leaks and s p i l l s  w i l l  a lso  e lim ina te  f i r e  hazards and help conserve raw 
m a te r ia ls ,  keep chemicals out of the e f f lu e n t  system, and reduce worker
exposure [32], V erm iculite , dry sand, e a r th ,  or s im i la r  nonreactive
m ater ia l  can be used to absorb styrene  b u t ,  fo r  b e s t  r e s u l t s ,  p r e t e s t  
absorbing agents fo r  th e i r  e f f e c t  on polym erization  of s ty ren e . For s p i l l s  
on hard su rfa ce s ,  scrubbing the area w ith  soap and w ater a f t e r  most of the 
styrene has been removed is  recommended. I f  s p i l l s  occur in a confined
space, pumping water in to  the area w i l l  p reven t the ground from absorbing
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the s tyrene  and may allow sty rene  to be recovered l a t e r  [318], Small s p i l l s  
can be absorbed by paper, which can be burned a f t e r  evaporation  in a hood or 
in another safe  p lace . Only properly  p ro tec ted  personnel should perform 
these procedures. Wiping rags or c lo th s  should be placed in  f i re p ro o f  
rec e p ta c le s  equipped with t i g h t - f i t t i n g  l i d s .

(d) Waste Disposal
Because of the exothermic na tu re  of s ty rene polym erization , i t  i s  

recommended th a t  waste c a t a ly s t  be disposed of se p a ra te ly  from waste 
monomer. I f  th is  is  no t  p o s s ib le ,  the waste rec e p ta c le  should be located 
away from any sources of h ea t ,  flame, or e l e c t r i c a l  d ischarge , or from any 
combustible m a te r ia l .  Besides c lean ing  work a reas  a t  the end of each 
w orksh if t ,  i t  is  a good p ra c t ic e  to determine i f  a l l  wiping c lo th  
c o n ta in e rs ,  excess p l a s t i c ,  p l a s t i c  c o n s t i tu e n t s ,  and o ther  re fuse  are  
removed from the bu ild ing  and disposed of p roperly . Workers should be 
informed of proper storage and d isp o sa l  procedures and be adequately 
supervised in handling waste re c e p ta c le s .

A ll waste s tyrene and styrene-contam inated m a te r ia l  should be removed to 
a d isposa l  area and sa fe ly  burned by in troducing  i t  as a spray or m ist in to  
a su i ta b le  combustion chamber; in c in e ra t io n  w i l l  be more complete i f  s tyrene 
is  mixed w ith  a more flammable so lven t [314]. Water contaminated by s tyrene  
can be sa fe ly  tre a te d  by removing the mixture to a safe  lo ca tio n  and blowing 
i t  w ith  a i r .  The o u t l e t  a i r  stream can then be burned to remove the s tyrene  
[308], Waste e f f lu e n t  gases can a lso  be burned to remove styrene  [319], 
Liquid s ty rene  should no t  be allowed to e n te r  a confined space, such as a 
sewer, because of the p o s s ib i l i t y  of an explosion , a t  l e a s t  in  warm or hot 
a rea s .

(e) F ire  Control
Styrene poses a s ig n i f i c a n t  f i r e  hazard. As shown in Table I I I - l  (see 

p. 17), s ty rene  has a b o i l in g  p o in t  of 145.2°C (293 .4°F), a f la sh p o in t  of 
34° to 37°C (94° to 98°F), and flammable (explosive) l im i ts  of 1.1-6.1% by 
volume in a i r .  Thus, according to the c r i t e r i a  of OSHA, sty rene  would be 
c l a s s i f i e d  as a Class 1C flammable l iq u id  (29 CFR 1910.106) and a Class B 
f i r e  hazard (29 CFR 1910.156).

I f  v e n t i l a t io n  i s  adequate to m aintain  the concen tra t ion  of styrene a t  
recommended le v e ls ,  the p o te n t ia l  fo r  f i r e  and explosion w i l l  be g re a t ly  
reduced. However, e levated  styrene concen tra t ions  may occur i f  the vapor 
accumulates, fo r  example, above the l iq u id  su rfa ce ,  in  depressions , a t  
con ta in er  openings, a t  vent openings, or in  a reas having poor v e n t i la t io n .  
Thus, a l l  ig n i t io n  sources, such as f i r e ,  sparks, and smoking m a te r ia ls ,  
must be p ro h ib ited  in those a reas  where s tyrene  is  made, used, or s to red . 
NFPA Standard No. 77, " S ta t ic  E l e c t r i c i ty "  [317], l i s t s  p recau tions  designed 
to prevent the accumulation of s t a t i c  e l e c t r i c i t y ,  a p o te n t ia l  ig n i t io n  
source. F i f ty  f e e t  from open flames or o ther  p o ss ib le  ig n i t io n  sources, 
such as sparks, ho t su rfa ce s ,  or a rc s ,  has been suggested as the
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minimum safe  d is tance  fo r  lo ca tio n  of p rocesses th a t  involve s tyrene [314], 
F ire  hazards can a lso  be reduced by i s o la t in g  mixing and form ulating 
operations from other operations ( p a r t i c u la r ly  lam inating a reas)  in  a 
w e l l -v e n t i la te d  area equipped w ith  an autom atic s p r in k le r  system; mixing, 
form ulating and laminating operations should a lso  be separa ted  from 
f in i sh in g  a reas  by a t  l e a s t  2-hour f i r e  p a r t i t i o n s  to slow the spread of a f i r e  [314].

Some processes do no t lend themselves to c o n tro l  by physica l 
sep a ra t io n .  This is  e sp e c ia l ly  true  when the contaminant permeates an 
e n t i r e  work a re a .  In  those cases ,  e i th e r  i s o la t io n  or enclosure of the 
opera tion  w i l l  l im i t  the amount of contaminant d ispersed  in the workplace [90].

F ire s  involv ing styrene can be sa fe ly  ex tinguished  w ith  the proper use 
of foam, dry powder, or carbon d iox ide. Water i s  n o t  an e f f e c t iv e  
ex tingu ish in g  agen t bu t can be used to keep f ire -exposed  con ta in ers  cool. 
Regulations governing the use of e l e c t r i c a l  equipment where s tyrene i s  
p re sen t  can be found in  the N ational E le c t r i c a l  Code NFPA 70-1971, ANSI 
CI-1971 (Rev. of Cl-1968) which was adopted as a n a t io n a l  concensus standard 
by OSHA in 29 CFR 1910.308.

Incomplete combustion of s ty ren e -co n ta in in g  m a te r ia ls  may r e s u l t  in the 
formation of a toxic gas such as carbon monoxide; the b rea th ing  of fumes, 
smoke, and gas l ib e ra te d  by s ty ren e , po ly s ty rene , or o ther 
s ty ren e -co n ta in in g  m a te r ia ls  [309,318] can be avoided by using the 
app rop ria te  re s p i ra to ry  p ro te c t io n .

F u l l e r  and Jensen [314] suggested th a t  sp r in k le r  systems be in s ta l l e d  in 
new f a c to r i e s  where re in fo rced  p l a s t i c s  are  laminated. They recommended 
th a t  these systems d e l iv e r  a minimum of 0.3 ga llons of water/min/sq f t  (3.7 
l i t e r s /m in /s q  m) applied  over an area  of 5,000 sq f t  (464 sq m), th a t  the 
sp r in k le r  system be provided with  hand hose connections, and th a t  portab le  
Class B f i r e  e x tingu ishe rs  a lso  be a v a i la b le  [314].

To help c o n tro l  p o te n t ia l  f i r e s ,  F u l le r  and Jensen [314] suggested th a t  
smoke and h e a t  vents be in s ta l l e d  with  about 100 f e e t  (30.5 m) between th e i r  
c e n te r s .  They a lso  suggested th a t  c u r ta in  boards be in s t a l l e d  a t  100-foot 
in te rv a ls  so th a t  cu rta ined  areas a re  no g re a te r  than 10,000 square f e e t  
(929 sq m).

( f )  Entry in to  Confined Spaces
Entry in to  confined spaces ( ta n k s ,  p i t s ,  tank c a r s ,  barges , process 

v e s se ls ,  and tunnels) should be c o n tro l le d  by a perm it system or o ther 
program o f fe r in g  equal p ro te c t io n .  These spaces need to be te s ted  fo r
oxygen d e f ic ien cy , styrene  co n cen tra t io n , and the presence of any o ther 
harmful gas or vapor. Only s u p p l ie d -a i r  hoods or s u i t s  impervious to
styrene  are  recommended fo r  e n te r in g  a confined space un less  sampling data
in d ic a te  th a t  the area is  safe  fo r  en try  with  o ther  equipment. A ir-  or
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oxygen-supplied masks equipped w ith  f u l l  facep ieces  a re  recommended to be 
worn when the oxygen con ten t of the a i r  i s  le s s  than 16% or when the styrene 
vapor concen tra t ion  i s  over 5,000 ppm.

I t  i s  im perative th a t  confined spaces be thoroughly v e n t i la te d  and 
cleaned before workers e n te r  w ithout r e s p i r a to ry  p ro te c t io n .  I t  i s  a good 
p ra c t ic e  to f lu s h  the confined space w ith  steam or water to remove styrene 
vapor. When a worker e n te rs  a confined space, use of a s a fe ty  l in e  i s  
recommended w ith  another p roperly  p ro tec ted  worker on standby ou tside  to 
m aintain  communication by voice and s ig h t  w ith  the worker in s id e .  The 
s a fe ty  l in e  must never be abandoned while the worker i s  in a confined 
space. An a d d i t io n a l  sa fe ty  measure i s  to have the workers in  or near to 
the confined space c lose  to o thers  who can be quick ly  contacted  in  an 
emergency [308]. The NIOSH document Working in  Confined Spaces [320] 
conta ins a more thorough d iscu ss ion  on the su b jec t  of confined spaces.

A number of e f f e c t iv e  work procedures and housekeeping p ra c t i c e s  in  the 
RP/C industry  were noted during a 1981 NIOSH-sponsored study on worker 
education , t r a in in g ,  and m otivation  [321].

Engineering Controls
Engineering c o n tro ls  fo r  production  and use of sty rene  a re  designed in 

co n s id e ra tio n  of i t s  v o l a t i l i t y ,  f lam m ab ili ty , and to x ic i ty .  Styrene 
undergoes rap id , exothermic po lym erization . I f  unchecked, th is  re a c t io n  can 
become v io le n t  and ig n i te  or explode [322]. F u l le r  and Jensen [314] reported  
th a t  one such in c id e n t  occurred in  1971 in  a p l a s t i c s  manufacturing p la n t  in  
Ohio. To avoid th is  problem, continuous monitoring of the temperature and 
pressure  of l iq u id  s ty rene  s to rage  tanks can be used to a l e r t  workers of any 
temperature or p ressu re  increase  th a t  would in d ic a te  polym erization .

The following c o n tro l  p r in c ip le s  and methods a re  p e r t in e n t  to a l l  
processes used fo r  the production  of s ty rene , po ly s ty rene , re in fo rced  
p l a s t i c s ,  sy n th e t ic  rubber, and o ther  s tyrene-based  p l a s t i c s .  The methods 
of c o n tro l  include process i s o la t i o n ,  process containment, and v e n t i l a t io n .

(a) I s o la t io n  of Incompatible Processes
The physica l i s o la t io n  of incompatible processes i s  sometimes required  

to achieve a safe  work environment. For example, s ty rene  re a d i ly  re a c ts  
w ith  low concen tra t ions  of halogens in  the presence of u l t r a v i o l e t  l i g h t  to 
form a p o ten t  lac rim a to r  [323], a problem th a t  can be prevented by i s o la t in g  
processes th a t  genera te  halogens from processes th a t  use or make s ty ren e . 
In  the re in fo rced  p l a s t i c s  in d u s try ,  the sepa ra tion  of grind ing  and sanding 
opera tions and f ib ro u s  g lass  c lo th  c u t t in g  a reas  from a reas  where s ty rene  i s  
being used has been recommended to reduce d e rm a ti t is  [324],
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( b )  C o n t a i n m e n t

Closed process systems are  the b e s t  way of preven ting  worker exposure to 
s ty rene ; where p r a c t i c a l ,  c losed systems w ith  negative  p ressu re  in s ide  are  
p re fe r re d .  Even w ith  the use of c losed  systems, co n ta c t  w ith  s tyrene may 
s t i l l  occur a t  pump se a ls  and sampling p o r t s ,  during d ra in in g , f i l l i n g ,  and 
c leaning  p rocesses , and a t  s p i l l s .  Unreacted s ty rene  may be recycled  to 
separa te  i t  from the polymerized product by vacuum dev ices. Closed loop 
sampling devices help minimize worker exposure [32]. For these systems to 
be e f f e c t iv e ,  proper opera tion , maintenance, and f req u en t t e s t in g  fo r  leaks 
or o ther  m alfunctions are  necessary . Use of remote co n tro l  and automated 
processes can a lso  reduce exposure to s ty ren e .

(c) V e n t i la t io n
When closed process systems a re  n o t  p o s s ib le ,  exhaust v e n t i l a t io n ,  

p re fe rab ly  lo ca l  exhaust v e n t i l a t i o n ,  may be needed to l im i t  exposures to 
s ty rene . Because of f i r e  hazards, v e n t i l a t io n  systems need nonsparking fans 
and duc ts . In  a d d i t io n ,  v e n t i l a t io n  systems should p reven t the 
r e c i r c u la t io n  of contaminated a i r .  The ease of p e r io d ic  in spec t ion  and 
c leaning  a re  necessary  cons ide ra tions  in  proper design and lo ca tio n  of 
va lves ,  v e n ts ,  gauges, p r e s s u r e - r e l i e f  devices, and o ther  engineering 
c o n t ro ls .  This i s  very im portant because s ty rene  can e a s i ly  polymerize and 
block ven ts  or p reven t va lves ,  gauges, and p r e s s u r e - r e l i e f  devices from 
func tion ing  p roperly  [308],

(1) Local Exhaust V e n t i la t io n
W ell-designed lo ca l  exhaust systems can be used to e f f e c t iv e ly  

c o n tro l  styrene  vapor, p a r t i c u la r ly  during such work as spray-up, lay-up, 
and open molding opera tions where high concen tra t ions  of s ty rene  are  often  
encountered. In ten s iv e  lo ca l  v e n t i l a t io n  has been recommended as the only 
p r a c t i c a l  method of reducing s ty rene  vapor concen tra t ions  during the 
co n s tru c t io n  of la rge  re in fo rced  p l a s t i c  o b jec ts  [324].

During the production of sy n th e t ic  rubber, a la rge  amount of 
s ty rene  may be vaporized and re leased  during drying o p e ra t io n s ,  which are  
u sua l ly  performed a t  e levated  tem peratures and a re  open to the atmosphere. 
M alle t te  [54] recommended th a t  d ryers  be operated w ith  a s l i g h t  negative 
p ressu re  o r , i f  th i s  was n o t  f e a s ib le ,  th a t  exhaust hoods be in s t a l l e d  a t  
the dryer o u t l e t s  to reg u la te  the escape of s ty rene  vapor. When lo ca l  
exhaust systems are  n o t  f e a s ib le ,  area  fans may have to be used to d i r e c t  
vapors away from the workers.

(2) D ilu t io n  V e n t i la t io n
When the concen tra t ion  of the contaminant cannot be reduced a t  i t s  

source, o ther  methods a re  necessary . One method c o n tro ls  the concen tra tion  
in  the genera l work environment by using general d i lu t io n  v e n t i l a t io n ,  a 
method which i s  n o t  usua lly  as s a t i s f a c to r y  as lo ca l  exhaust v e n t i l a t io n .
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Data such as the evaporation r a t e ,  tem perature, and the su rface  area of the 
source of the contaminant, together w ith  inform ation on the to x ic i ty  of the 
contaminant, a re  needed to design an e f f i c i e n t  d i lu t i o n  v e n t i l a t io n  system 
[325], To help reduce the r i s k  of f i r e s  in the re in fo rced  p l a s t i c s  
in dustry ,  F u l le r  and Jensen [314] recommended use of a genera l v e n t i la t io n  
system with an a i r  flow of 1 cu f t /m in /sq  f t  of f lo o r  space.

When v e n t i l a t io n  is  used to c o n tro l  exposure, i t  i s  d e s ira b le  to 
have tra ined  personnel make measurements th a t  demonstrate system e ff ic ie n c y  
( i . e . ,  v e lo c i ty  p re ssu re ,  s t a t i c  p re ssu re ,  or t o t a l  p re ssu re )  on a pe r iod ic  
schedule as determined by a q u a l i f i e d  in d u s t r i a l  h y g ie n is t .  I t  is  a lso  a 
good p ra c t ic e  to measure system e ff ic ie n c y  when there i s  any change in  
production , p rocess , or c o n tro l  method. This n e c e s s i ta te s  maintenance of 
records th a t  demonstrate the e f fe c t iv e n e ss  of such changes; inform ation 
needed includes da te , type, and lo ca tio n  of t e s t ,  and r e s u l t s  of the 
measurements taken.

(d) Other Control Methods
The d i f f i c u l t i e s  in  l im i t in g  exposures of workers to s tyrene and o ther 

m a te r ia ls  in RP/C operations by conventional methods such as lo ca l  exhaust 
v e n t i l a t io n  or closed processes have motivated development of o ther 
approaches. Several of those a ttem pts are  described below.

In 1971, Maisonneuve and Lardeux [326] described a v e n t i l a t io n  scheme 
th a t  could be used in  the c o n s tru c t io n  of re in fo rced  p l a s t i c  boa ts .  They 
suggested th a t  the boat form should be mounted on wheels and be made so th a t  
i t  could ro ta te  on i t s  ax is  to f a c i l i t a t e  work on both s ides  from one 
p o s i t io n .  They a lso  suggested th a t  the boats (6 .5  m long in  th is  case) be constructed  in  a room th a t  was 8 m long and had a f re sh  a i r  stream w ith  a 
flow of 0.5 m/s (about 100 f t /m in ) .  This a i r  stream should be supplied 
across the e n t i r e  length  of the room, p a r t i c u la r ly  a t  worker b reath ing  
zones. The in v e s t ig a to r s  [326] a lso  described various v e n t i l a t io n  systems 
designed to reduce a w orker 's  exposure to s ty rene  during production of boats 
made from re in fo rced  p l a s t i c s .

In  1980, W il l is  [327] described some of the problems in  try ing  to reduce 
styrene emissions during the curing  process in boat b u i ld in g .  An attem pt to 
reduce s ty rene  emissions by decreasing gel time was unsuccessfu l because the 
method used to decrease gel time involved in creas ing  the workshop 
temperature to a high le v e l .  This halved the cure time bu t increased the 
amount of s ty rene  evaporated to three times normal. Low-styrene emission 
(LSE) re s in s  (a lso  known as environmental r e s in s )  were t r ie d  severa l years 
ago, bu t there  were disadvantages with  the f i r s t  r e s in s  t r i e d .  At f i r s t ,  
a d d it io n  of p a r a f f in  wax to the r e s in  was thought l ik e ly  to produce a screen 
between the r e s in  and the a i r ;  however, the wax did no t  r i s e  to the surface  
soon enough, and the wax impaired in te r lam in a r  adhesion. Other re s in s  have 
subsequently been developed, bu t th e i r  n a tu re ,  o ther  than th a t  some a c t  to 
increase  su rface  tension , was n o t  described ; appa ren tly ,  th e i r  formulation 
or exac t na tu re  i s  p ro p r ie ta ry .
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LSG re s in s  a re  now a v a i la b le ,  according to undocumented statem ents by
W il l is  [327], th a t  do no t i n h ib i t  in te r lam in a r  adhesion, and claims fo r
reduction  of emissions of as much as 95% have been made. I t  was emphasized 
th a t  use of these re s in s  did no t  preclude the n e c e ss i ty  fo r  proper
v e n t i l a t i o n ,  bu t i t  was sa id  th a t  th e i r  use reduced the amount of
v e n t i l a t io n  needed, and a s s i s te d  in  reducing a irbo rne  concen tra t ions  of
s ty rene .

In 1980, a group of re p re se n ta t iv e s  from the RP/C industry  in the U.S. 
v i s i t e d  Sweden to a ssess  Swedish technology in  reducing s ty rene  emissions
and i t s  a p p l i c a b i l i t y  to U.S. o p e ra t io n s .  Their unpublished re p o r t  [328] 
was furn ished  to NIOSH by The Society of the P la s t i c s  In d u s try ,  Inc . Only 
p lan ts  manufacturing small boats (up to 30 f e e t  in  length) were v i s i t e d ;  
these shops u t i l i z e d  hand lay-up/spray-up  o p e ra t io n s .  The v i s i t i n g  group 
concluded th a t ,  in  these small boat p la n t s ,  engineering  c o n tro ls  alone were 
n o t s u f f i c i e n t  to achieve the occupational environmental l im i t  in  force a t  
the time ( i . e . ,  40 ppm), bu t th a t  compliance could be achieved through a 
combination of high volume, low v e lo c i ty  a i r  movement, use of personal
p ro te c t iv e  equipment, d i f f e r e n t  p la n t  layou ts ,  proper work p r a c t i c e s ,  and 
environmental r e s in s .  Moreover, p la n t  layouts needed to help achieve these 
reduced emissions were judged to r e s u l t  in p ro d u c t iv i ty  lower than th a t  
found in  U.S. p la n ts .  I t  seemed doubtfu l to the study team th a t  the 60 ppm 
c e i l in g  l im i t  was being met. (V e r i f ic a t io n  of such a c e i l in g  l im i t  has no t 
been found in  o ther sources, includ ing  an o f f i c i a l  Swedish l i s t i n g  [329].) 
I t  was noted th a t  there  were no s ty rene  emission standards in Sweden, so
styrene could be exhausted d i r e c t ly  ou ts ide  the p la n t .

Other Swedish con tro l  systems found u s e fu l ,  in  a d d it io n  to v e n t i l a t io n ,  
were the use of a i r l e s s  spray guns, and the bulk s to rage  of re s in s  
underground which were piped d i r e c t ly  to the spray guns. S pec ia l ly  designed 
c u t t in g  and grind ing  too ls  reduced dust exposure. In  one boat p la n t ,  the 
spray booths had movable c u r ta in  w alls  th a t  could completely surround the 
ob jec t  being f a b r ic a te d .  In  a l l  c ases ,  the i n l e t  to the booths was
c o n s t r ic te d  in some manner. Swedish experiments had in d ica ted  th a t  an a i r
v e lo c i ty  of 0.5 m/s was necessary to achieve 40 ppm, and 0.8 m/s to achieve 
25 ppm. This a i r  was introduced through d i f fu s io n  f i l t e r s .  Elephant trunk 
hoses were placed a t  s t r a te g ic  lo ca tio n s  around sty rene  sources fo r  the 
purpose of exhausting the a i r .  Dust emissions were exhausted through 
tool-mounted vacuum systems [328].

The Swedish workers were well t ra in e d ,  and followed proper p ra c t ic e s  
w ell;  work p ra c t ic e s  were re in fo rced  by management a t t i t u d e s .  Workers were 
ro ta te d  so th a t  only about h a lf  of th e i r  time was spent on spraying or
r o l l in g .  During spraying, workers wore f u l l  head coverings, charcoal
r e s p i r a to r s ,  ear p ro te c t io n ,  and f u l l - f a c e  p l a s t i c  sh ie ld s .  Management of 
the Swedish boat p lan ts  f e l t  th a t  these p ro te c t iv e  items were no t  needed [328].

I n i t i a l  LSE (environmental) r e s in s ,  pu t in to  use in  Sweden in  ear ly  
1977, posed delamination problems, bu t these were e lim ina ted  in  the second
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genera tion  re s in s  in troduced about a year l a t e r .  In  a d d it io n  to r e s u l t in g  
in reduced styrene em issions, these re s in s  r e s u l t  in  a su rface  th a t  i s  le ss  
tacky, thereby reducing the p o te n t ia l  fo r  dus t accumulation w ith  consequent 
lam ination problems [328]. One Swedish firm in s t a l l e d  s t r i p s  of f ib rous 
g lass  screen in  a reas where fu r th e r  lam ination to s t r in g e r s  or bulkheads was 
expected. I t  was in s t a l l e d  in  the f in a l  a p p l ic a t io n  of wet r e s in ,  then 
peeled o ff  j u s t  before the s t r in g e r  or bulkhead was i n s t a l l e d ,  revea ling  a 
c lean  su rface  fo r  lam ination.

The na tu re  of the environmental re s in s  was no t described in  the Swedish 
re p o r t  [328], although severa l European purchase sources were l i s t e d ;  th is  
r e in fo rce s  the in ference made e a r l i e r  th a t  these r e s in s  a re  p ro p r ie ta ry  in na tu re .

A 1980 re p o r t  [330] gave drawings and some s p e c i f ic a t io n s  fo r  a number 
of types of hoods, canopies, and duc ts ,  with exhaust a i r  q u a n t i t i e s  and
v e lo c i t i e s  and o ther general in form ation , recommended fo r  use in  various 
RP/C o p e ra t io n s .  These were described as hardware e i t h e r  c u r re n t ly  in  use or 
a v a i la b le  fo r  use to con tro l  styrene  emissions in RP/C o p e ra t io n s .  Efficacy 
da ta , fo r  example, data regarding what the a irbo rne  emissions were, or how 
much of a reduction  in  a i r  emissions could be or was achieved, were no t 
reported .

As was in d ica ted  in  Chapter V, a irbo rne  s ty rene  oxide may be found in 
re in fo rced  p l a s t i c s  ope ra t ion s .  While the concen tra t ions  reported  in
lim ited  s tu d ie s  [233,269] have been low, they may n e v e rth e le ss  be
to x ic o lo g ic a l ly  s ig n i f i c a n t .

When worker exposure cannot be adequately c o n tro l le d  by engineering 
c o n tro ls ,  p ro te c t iv e  c lo th ing  and equipment, includ ing  r e s p i r a to r s ,  may be 
needed. These are  c o n tro ls  of l a s t  choice because of the d i f f i c u l t y  of 
program management, which includes s e le c t in g  and m ainta in ing equipment and 
in s t ru c t in g  workers on proper use and f i t t i n g ,  and worker acceptance and
e f f ic ie n c y .  Thus, n e i th e r  r e s p i ra to ry  p ro te c t iv e  equipment nor personal 
p ro te c t iv e  c lo th in g  is  an accep tab le  s u b s t i tu t e  fo r  proper engineering c o n t ro l s .

More d e ta i le d  inform ation on i n d u s t r i a l  v e n t i l a t io n  can be found in 
p u b lic a t io n s  of the American N ational Standards I n s t i t u t e  (ANSI) [331], the 
American Conference of Governmental I n d u s t r i a l  H ygien ists  (ACGIH) [325], and 
NIOSH [332]. Other NIOSH p u b lic a tio n s  [333,334] give d e t a i l s  of engineering 
c o n tro l  technology in  use in the p l a s t i c s  and re s in s  in dustry .

Personal P ro te c t iv e  C lothing and Equipment
There have been severa l re p o r ts  of sk in  i r r i t a t i o n  caused by styrene

[2 ,54 ,56 ,61 ,91 ,104 ,113,122 ,126]. B l i s te r in g  of the sk in  w ith  loss of h a ir  
occurred when l iq u id  styrene was app lied  repeated ly  to the ear  of a r a b b i t ,  
and marked i r r i t a t i o n  with n e c ro s is  was found w ith  two a p p lica t io n s
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of l iq u id  s tyrene to the shaved abdomens of ra b b i ts  [53,162], Liquid
styrene has been shown to be absorbed through the sk in  of both humans [151] 
and animals [165], I t  was estim ated  th a t  exposure of the palms of both
hands to l iq u id  styrene  fo r  90 seconds would r e s u l t  in an absorp tion  of 
s tyrene  e q u iv a len t  to the in h a la t io n  dose during a day of work a t  about 12 
ppm [151],

Where workers may come in  co n ta c t  w ith  l iq u id  s ty ren e , the use of
app rop r ia te  equipment such as impervious gloves, boo ts , overshoes, b ib-type  
aprons ( a t  l e a s t  knee len g th ) ,  face sh ie ld s  with  goggles, and appropria te  
p ro te c t iv e  c lo th in g  is  recommended. Proper s e le c t io n  of p ro te c t iv e  
equipment is  a lso  necessary . For example, neoprene gloves and boots
d e te r io r a te  rap id ly  and give p ro te c t io n  fo r  only a sh o r t  time [32]. Leather
shoes a lso  do no t provide adequate p ro te c t io n  a g a in s t  l iq u id  styrene 
[308,318]. Polyvinyl a lcohol and polyethylene are  reported  to provide good 
p ro te c t io n  a g a in s t  s ty rene [335].

Dermal c o n tac t  may be a p a r t i c u la r  problem in  those shops where styrene
is  poured, spread by hand, and sprayed. I t  is  during the use of these
techniques th a t  the g r e a te s t  a irbo rne  concen tra t ions  of s ty rene should a lso  
be expected. Thus, any worker who performs these opera tions or i s  near them 
while they are  being performed should be provided w ith  p ro te c t iv e  c lo th ing  
and eye p ro te c t io n  th a t  w i l l  p reven t sk in  and eye c o n ta c t  w ith  s ty rene . 
These p recau tions should a lso  be taken when workers e n te r  an area where a 
leak or s p i l l  has occurred. S u itab le  p re - t e s te d  r e s p i ra to ry  p ro te c t iv e  
devices should a lso  be made a v a i la b le  to the worker.

Although b a r r i e r  creams have been suggested as a b e n e f ic ia l  method of 
preven ting  skin i r r i t a t i o n  [102], i t  has n o t  been demonstrated th a t  b a r r i e r  
creams a re  s u f f i c ie n t l y  impermeable to preven t abso rp tion  of sty rene  and 
dermal i r r i t a t i o n .  I t  i s  a lso  poss ib le  th a t  b a r r i e r  creams may hold styrene 
in c o n tac t  w ith  sk in  and thereby increase  i r r i t a t i o n  and p e n e tra t io n .

Styrene vapor can a lso  p en e tra te  the skin [154], Thus, when work is  
being performed in areas where there are  high concen tra t ions  of s ty rene , 
such as some confined space work, p ro te c t iv e  c lo th in g  as w ell as re s p ira to ry  
p ro te c t io n  may be needed to preven t undue absorp tion .

In 1971, Bagdinov [336] reported  th a t  styrene vapor does no t d iffu se  
through c e r ta in  p ro te c t iv e  t e x t i l e s  u n t i l  the vapor concen tra t io n  i s  g re a te r  
than 5 ppm. In a comparison of the p ro te c t iv e  p ro p e r t ie s  of various 
t e x t i l e s ,  the l e a s t  d i f fu s io n  was through a mixture of wool and 
p o ly a c ry lo n i t r i l e  . The e f f e c t s  of body movements th a t  might force a i r  
through the f a b r ic  f a s t e r  than i t  could d if fu se  were no t  considered.

While in s ide  p ro te c t iv e  g loves, the hands may p e r s p i re .  This problem 
can be minimized by wearing white co tton  inner l i n e r s  and making replacement 
l i n e r s  a v a i la b le  [337].
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Workers exposed to s ty rene  have experienced eye or n a sa l  i r r i t a t i o n  o r ,  
u s u a l ly ,  both [35 ,53 ,56 ,58 ,59 ,61 ,93 ,104,110 ,113 ,114,115 ,126], To preven t 
eye i r r i t a t i o n  a t  moderately low co n c en tra t io n s ,  fu l l - f a c e p ie c e  r a th e r  than 
h a lf - fa c e p ie c e  r e s p i r a to r s  a re  recommended whenever work must proceed in 
a reas  where s ty rene  concen tra tions  a re  excess ive .

I f  a worker complains of eye i r r i t a t i o n  from sty rene  while wearing an 
approved fu l l - f a c e p ie c e  r e s p i r a to r ,  poor f i t  or so rben t exhaustion may be 
the cause [338], Chemical c a r t r id g e  r e s p i r a to r s  provide r e s p ira to ry  
p ro te c t io n  fo r  r e l a t iv e ly  sh o r t  p e r io d s .  R esp ira to rs  c u r re n t ly  a v a i la b le  do 
no t con ta in  an e n d - o f - s e r v ic e - l i f e  in d ic a to r  fo r  s ty rene ; th e re fo re ,  the 
user  must follow the m anufac tu rer 's  recommendations fo r  changing c a n is te r s  
or c a r t r id g e s .

Although many workers may become accustomed to the i r r i t a n c y  of styrene  
vapor, systemic e f f e c t s  may s t i l l  occur. T herefore, i t  i s  im portant th a t
the employer follow the m anufac tu rer 's  d i re c t io n s  fo r  changing c a n i s te r s  or 
c a r t r id g e s  on a reg u la r  schedule and n o t  re ly  on worker complaints of
i r r i t a t i o n  as an e n d -o f - s e rv ic e - l i f e  in d ic a to r  fo r  r e s p i r a to r s .

The type and c la s s  of r e s p i r a to ry  device to use (see Table 1-1, p. 8) i s
determined by taking atmospheric samples in  the work a reas  and then
se le c t in g  the app rop r ia te  device according to guidance on r e s p i r a to r
s e le c t io n .  Routine sampling, as w ell as sampling a f t e r  c o n tro l ,  p rocess , or 
c l im a t ic  changes i s  recommended. Approved fu l l - f a c e p ie c e  re s p i ra to ry  
p ro te c t io n  i s  d e s ira b le  i f  the worker i s  exposed concurren tly  to styrene and 
benzene, to luene, or ethylbenzene, because simultaneous exposures to s tyrene 
and one or more of these o ther  so lven ts  may cause a decrease in the r a te  of 
metabolism of s ty rene ,  according to an experim ental study [218]. Such 
exposure should be avoided whenever p o s s ib le .

Regulations concerning personal p ro te c t iv e  equipment and r e s p i r a to ry  
p ro te c t io n  can be found in  29 CFR 1910.133, 29 CFR 1910.134, and 30 CFR 11. 
NIOSH t e s t  da ta  and recommendations fo r  eye p ro te c t io n ,  which comply w ith  
ANSI Z87.1, can be found in  two NIOSH p u b lic a t io n s  [339,340],

Exposure Monitoring and Recordkeeping
To c h a ra c te r iz e  worker exposures, the employer should conduct personal 

sampling and a n a ly s is  fo r  s ty rene . Estim ates of the exposure of each worker 
should be made, whether or n o t  each w orker 's  exposure i s  measured by a
personal sampler. Thus, a sampling s t ra te g y  th a t  allows reasonable 
es tim ates  of each w orker 's  exposure should be used. Records of such
monitoring should include sampling and a n a ly t i c a l  methods, times and 
lo ca tio n s  of samples, whether p ro te c t iv e  devices (e s p e c ia l ly  r e s p i ra to ry  
p ro te c t iv e  devices) were in  use, and the concen tra t ions  found or estim ated . 
I t  i s  im portant, in the case of estim ated  c o n cen tra t io n s ,  th a t  inform ation 
on which the es tim ates  were based be included.
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I t  i s  a lso  im portant th a t  p e r t in e n t  medical records ( i . e . ,  r e s u l t s  of 
medical exam inations, the p h y s ic ia n 's  w r i t te n  opinion, medical complaints, 
medical and work h i s t o r i e s ,  e t c . )  be e s ta b l ish e d  and maintained fo r  a l l  
workers, and th a t  copies of any environmental monitoring data ap p licab le  to 
the worker be included in  these records . To ensure th a t  they w i l l  be 
a v a i la b le  fo r  fu tu re  re ference  and c o r re la t io n ,  they should be maintained 
fo r  the d u ra tio n  of employment plus a period  of 30 y e a rs .  Copies of these 
medical and environmental records should be made a v a i la b le  to the worker, 
former worker, or to h is  or her designated r e p re se n ta t iv e  following s p e c if ic  
w r i t t e n  consent of the worker. In  a d d i t io n ,  the designated re p re se n ta t iv e s  
of the S ec re ta ry  of Health and Human Serv ices and the S ecre tary  of Labor 
should have access to the records or to copies of them.
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X. APPENDIX I 
METHOD FOR SAMPLING AND ANALYSIS OF STYRENE IN AIR

General Requirements fo r  Styrene Air Sampling
Air samples a re  c o l le c te d  th a t  rep re se n t  the a i r  a worker b reathes  while 

performing each job or sp e c i f ic  ope ra t ion . I t  i s  adv isab le  to m aintain
records of the da te ,  time, r a t e ,  d u ra tio n , volume, and lo ca tio n  of 
sampling. I t  i s  a lso  adv isab le  to record the tem perature, p re ssu re ,  and 
r e l a t iv e  humidity a t  the time the sample was taken, as w ell as o ther
p e r t in e n t  Information.
Sampling

(a) Sampling S tra tegy  and Apparatus
Air samples are  c o l le c te d  as near to the w orker 's  b rea th ing  zone as

p ra c t i c a b le ,  bu t w ithout in te r f e r i n g  w ith  the w orker 's  freedom of movement. 
These a i r  samples a re  c o l le c te d  in  a manner th a t  w i l l  allow the 
de term ination  of the w orker 's  exposure fo r  every job he or she performs 
where s ty rene  is  used. I t  i s  recommended th a t  a number of a i r  samples be 
c o l lec te d  so th a t  the v a r i a b i l i t y  of exposures throughout the work area  can 
be determined. S t a t i s t i c a l  sampling s t r a t e g ie s  a re  given in  the NIOSH 
pu b lic a t io n  Occupational Exposure Sampling S tra tegy  Manual [341].

To c o l l e c t  these a i r  samples on charcoal tubes, b a t te ry -o p e ra te d  pumps
are  needed th a t  have c l ip s  fo r  a ttachm ent to the worker’ s c lo th e s .  I t  is
necessary th a t  these pumps be capable of c a l ib r a t io n  w ith in  5% a t
o pera t ion a l  f lo w -ra te s .

The a n a ly t i c a l  method as described l a t e r  in  th is  appendix i s  fo r  samples 
c o l le c te d  by use of g lass  tubes, 7 cm long, with  an ou ts ide  diam eter of 6 mm 
and an in s ide  diameter of 4 mm. These tubes con ta in  two sec tio n s  of 20/40 
mesh a c t iv a te d  coconu t-she ll  charcoal th a t  was f i r e d  a t  600°C. The f i r s t  
s e c tio n  is  the adsorbing se c t io n  and con ta ins  100 mg of charcoa l.  The
second, or reserve  (backup) s e c t io n ,  conta ins 50 mg of charcoa l.  The
sec tio n s  a re  separa ted  by 2 mm of urethane foam, w ith  3 mm of urethane foam 
placed between the reserve  se c t io n  and the end of the tube; a plug of 
s i ly l a t e d  g lass  wool i s  placed between the o ther end of the tube and the 
adsorbing se c t io n .  Tubes th a t  con ta in  la rg e r  amounts of charcoal a re  a lso  
a v a i la b le .  Such tubes may be used i f  r e s u l t s  obtained using the standard
s ize  tubes in d ic a te  th a t  breakthrough has occurred or i f  s u b s ta n t ia l  amounts
of organic compounds th a t  may i n t e r f e r e  with  s ty rene  c o l le c t io n  are  a lso  
known to be p re sen t .  The p ressu re  drop across  the tube must be le s s  than 1
inch of mercury a t  a f lo w -ra te  of 1 l i t e r /m in .  Tubes th a t  meet the
s p e c i f ic a t io n s  described above a re  commercially a v a i la b le .
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(b) C a l ib ra t io n  of Sampling Instrum ents
Air sampling instrum ents should be c a l ib ra te d  a t  o p e ra t io n a l  f low -ra tes  

with  a r e p re se n ta t iv e  charcoal tube in l in e .  P o s i t iv e -d isp lacem en t diaphragm 
pumps req u ire  accu ra te  de term ination  of the s troke  f a c to r .  In  a d d it io n , 
pumps must be r e c a l ib ra te d  a f t e r  any r e p a i r  to , or m odifica tion  of, the 
sampling system i s  made. I t  i s  a lso  necessary to spot check the volumetric 
f low -ra te  through the sampling system and to make adjustm ents before  and
during each study to ensure accu ra te  a irf low  data .

(c) C o llec t io n  and Handling of Samples
The follow ing s teps a re  recommended fo r  the proper c o l le c t io n  and

handling of a i r  samples:
(1) Immediately before  sampling the a i r ,  both ends of the charcoal 

tube a re  scored and broken so th a t  openings of a t  l e a s t  one-haIf the 4 -mm 
in te rn a l  diameter of the tube are  made.

(2) The sm alle r ,  or re se rv e ,  se c tio n  of charcoa l i s  pos it ioned
toward the sampling pump.

(3) The charcoal tube i s  p laced in a v e r t i c a l  p o s i t io n  during
sampling to p reven t channeling and consequent sample lo s s .

(4) The a i r  sample i s  drawn d i r e c t ly  through the adsorbing sec tion  
of charcoal w ithou t f i r s t  passing  i t  through any tubing; tubing may be used 
to connect the back of the tube to the pump.

5) Sampling a t  1 l i t e r /m in  fo r  15 minutes should provide an 
adequate sample fo r  measuring c e i l in g  c o n cen tra t io n s .  A sampling r a te  of 
250 ml/min i s  recommended fo r  measuring TWA exposures over an e n t i r e  s h i f t .

(6) Immediately a f t e r  sampling, the charcoal tubes a re  sealed  w ith  
p l a s t i c  caps th a t  a re  i n e r t  to , and con ta in  no s ty ren e . Under no 
circumstances should rubber caps be used.

(7) Prepare a charcoal tube to serve as an a n a ly t i c a l  blank. No
a i r  i s  drawn through th is  tube, bu t i t  i s  broken, sea led , and, i f  
ap p ro p r ia te ,  transpo rted  in the same way as the charcoa l tubes th a t  were 
used to c o l l e c t  the sample.

(8) I f  tubes are  to be shipped i t  i s  necessary  to ensure th a t  they
are  packed t ig h t ly  and w ell padded to p reven t breakage.

(9) A sample of the bulk s tyrene used in  the f a c i l i t y  where the 
a i r  has been sampled should be submitted to the labora to ry  in  a g lass  
con ta in er  sea led  w ith  a T e flo n - l in ed  cap. This sample should no t be 
transpo rted  in  the same con ta in e r  as the charcoal tubes.
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P r i n c i p l e  o f  t h e  M e t h o d  o f  S t y r e n e  A n a l y s i s

A measured volume of a i r  is  drawn through a charcoal tube to adsorb 
a irborne  s tyrene  onto the charcoa l.  The adsorbed sty rene  is  subsequently 
desorbed from the charcoal with carbon d i s u l f id e .  A s u i ta b le  p o r tio n  of the 
desorbed sample is  sub jected  to gas chromatography, and the amount of 
s tyrene  is  determined by comparing the area under the s ty rene  peak with  a 
standard curve th a t  r e l a t e s  peak a reas  to the concen tra t ion  of a known 
s tandard.

Range, S e n s i t iv i ty ,  P rec is io n ,  and Accuracy
(a) Although the lower d e te c t io n  l im i t  of the method [259] has no t been 

determined fo r  s ty rene , a sample volume of 10 l i t e r s  is  considered adequate 
fo r  measuring styrene  a t  10 ppm. Desorption e f f ic ie n c y  s tu d ie s  [255] were 
conducted with amounts of s ty rene th a t  would be c o l le c te d  from 1 0 - l i t e r  a i r  
samples con ta in ing  styrene  a t  50, 100, and 200 ppm. The desorption  
e f f i c ie n c ie s  were 0 .87, 0.88, and 0 .93, r e s p e c t iv e ly .  This method [259] i s  
capable of measuring amounts of s ty rene  sm aller than the amounts used to 
evalua te  i t ,  i f  the desorp tion  e f f ic ie n c y  is  determined to be adequate. The 
desorp tion  e f f ic ie n c y  must be determined over the range of concen tra t ions  to 
be sampled.

The method has been evaluated  fo r  p re c is io n  and accuracy with styrene 
over the range of 100-400 ppm a t  0% r e l a t iv e  humidity and a t  an atmospheric
temperature of 23°C and a p ressu re  of 754 mm Hg [255]. This eva lua tion  was
performed using 5 - l i t e r  a i r  samples c o l le c te d  a t  200 ml/min. The 
c o e f f i c ie n t  of v a r ia t io n  fo r  the t o t a l  a n a ly t i c a l  and sampling method was
0.057. On the average the combined sampling and a n a ly t i c a l  method 
underestimated the nominal concen tra tions  by about 8%. The method has no t 
been te s ted  with s tyrene fo r  p re c is io n  and accuracy by NIOSH below 100 ppm. 
However, f i e l d  data from NIOSH in d ic a te s  th a t  the method has acceptable  
p re c is io n  below 5 ppm [342].

(b) The upper l im i t  of the range of the method is  dependent on the 
adso rp t ive  capac ity  of the charcoal tube. This capac ity  v a r ie s  w ith  the 
concen tra tions  of s tyrene and o ther  substances in the a i r .  I t  was estimated 
th a t  36 mg of styrene was the maximum amount th a t  could be c o l le c te d  on 100 
mg of charcoal in the f r o n t  (adsorbing) se c tio n  before  the styrene 
pene tra ted  in  s ig n i f i c a n t  amounts ( i . e . ,  5%) to the reserve  se c tio n  [255],
This estim ate  was based on a sampling ra te  of 0.19 l i t e r s /m in  fo r  111
minutes in a t e s t  atmosphere th a t  contained 400 ppm of s ty rene .

In te r fe re n c e s
(a) The volume a t  which breakthrough occurs in a charcoal tube i s  

severe ly  reduced when the humidity i s  high, a t  which time a sm aller a i r  
sample should be taken or a la rg e r  charcoal tube should be used.
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(b) When o ther compounds are  known or suspected to be p re se n t  in  the 
a i r ,  the suspected i d e n t i t i e s  of those compounds should be recorded.

(c) Any compound th a t  has the same r e te n t io n  time as s ty rene  using the 
chromatographic cond itions  described in  th is  method w i l l  in te r f e r e  with 
a n a ly s i s .  Such in te rfe re n c e s  may be e lim ina ted  by a l t e r i n g  the operating  
cond itions  of the gas chromatograph or by changing the column l iq u id  phase.

(d) R eten tion  time data obtained by gas chromatography on a s ing le
column cannot be considered proof of chemical id e n t i ty .

Apparatus
(a) Gas chromatograph (GC) equipped w ith  a flame io n iz a t io n  d e te c to r .
(b) S ta in le s s  s t e e l  column (10 f e e t  long x 1/8 inch ou te r  diameter)

w ith  10% fre e  f a t ty  acid  polymer (FFAP) s ta t io n a ry  phase on 80/100 mesh
Chromosorb W HP (o r e q u iv a le n t ) ,  acid  washed and tre a te d  with  
d im ethy ld ich lo ros ilane  (DMCS).

(c)  Recorder and some method fo r  determining peak a rea .
(d) Glass stoppered microtubes or v i a l s ,  which can be sealed  w ith 

T eflo n - lin ed  caps, th a t  have a capac ity  twice the volume of carbon d isu l f id e  
used fo r  desorp tion  (1 ml fo r  standard  s ize  tubes).

(e )  M icrosyringes of ap p ro p r ia te  s ize  fo r  p reparing  s tandards .
( f )  P ip e ts  th a t  can a ccu ra te ly  d e l iv e r  the volume of carbon d i s u l f id e  

needed fo r  the charcoal tubes used, such as 1.0 ml graduated in 0.1 ml 
increm ents.

(g) Volumetric f la sk s  of a p p ro p r ia te  s ize s  fo r  p reparing  standard
so lu t io n s .

Reagents
(a) Carbon d i s u l f id e ,  chromatographic q u a l i ty .
(b) S ty rene , reagen t grade.
(c) N itrogen , p u r i f i e d .
(d) Hydrogen, p re p u r i f ie d .
(e) A ir ,  f i l t e r e d ,  compressed.

209



A n a l y s i s  o f  S a m p l e s

(a) Sample P repara tion
Wash the equipment used fo r  a n a ly s is  in  d e te rg en t  followed by a tap 

water r in s e  and f in a l l y  a d i s t i l l e d  (no t  deionized) water r in s e .
Score the charcoal tube w ith  a f i l e  in  f ro n t  of the f i r s t  (adsorbing)

se c tio n  of charcoal and break i t  open. Remove the g la ss  wool and d iscard
i t .  T ransfer  the charcoal from the f i r s t  se c tio n  to a 2-ml stoppered t e s t  
tube or co n ta in e r .  Remove and d iscard  the sepa ra ting  foam and t r a n s fe r  the 
charcoal from the second (backup) se c tio n  to ano ther, s im i la r ,  t e s t  tube or 
con ta in e r .  The two sec tion s  of charcoal a re  analyzed s e p a ra te ly .  P r io r  to 
a n a ly s i s ,  when charcoal tubes con ta in ing  100 mg of charcoal in  the adsorbing 
sec tion  are  used, p lp e t  (no t by mouth) 1.0 ml of carbon d i s u l f id e  in to  each 
sample c o n ta in e r  to desorb s ty rene  from the charcoal.  Use th is  same r a t io  
of carbon d i s u l f id e  to charcoal i f  la rg e r  charcoal tubes a re  used. A
desorp tion  time of a t  l e a s t  30 minutes, with occasional a g i t a t io n ,  is
recommended. I t  i s  fu r th e r  recommended th a t  samples be analyzed as soon as 
poss ib le  a f t e r  deso rp tion ; th is  w i l l  help preven t lo sses  due to sample 
decomposition.

EXTREME CAUTION MUST BE EXERCISED AT ALL TIMES 
WHEN USING CARBON DISULFIDE BECAUSE OF ITS HIGH TOXICITY 

AND FIRE AND EXPLOSION HAZARDS. IT CAN BE IGNITED BY 
HOT STEAM PIPES. ALL WORK WITH CARBON DISULFIDE SHOULD BE 

PERFORMED UNDER AN EXHAUST HOOD.
(b) GC cond itions  (should be optimized according to the m anufac turer 's  

s p e c i f ic a t io n s ) .  Typical opera ting  conditions  fo r  the gas chromatograph are :
(1) 50 ml/min (60 psig)  n i trogen  c a r r i e r  gas flow.
(2) 65 ml/min (24 psig)  hydrogen gas flow to d e te c to r .
(3) 500 ml/min (50 psig)  a i r  flow to d e te c to r .
(4) 195°C in je c to r  temperature.
(5) 255°C manifold temperature (d e te c to r ) .
(6) 109°C column temperature.

(c) I n je c t io n  of sample
To e lim ina te  d i f f i c u l t i e s  th a t  may a r i s e  from blowback or d i s t i l l a t i o n  

w ith in  the syringe need le , the so lven t f lu sh  in je c t io n  technique should be 
used fo r  in je c t io n  of the sample in to  the gas chromatograph. With th is  
technique, the syringe is  f i r s t  f lushed  w ith  carbon d i s u l f id e  severa l times 
to wet the b a r r e l  and plunger and then 3 y l  of carbon d i s u l f id e  is  drawn
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in to  the syringe to increase  the accuracy and r e p ro d u c ib i l i ty  of the
in je c te d  sample volume. The syringe needle i s  removed from the carbon 
d i s u l f id e  and the plunger is  pu lled  back about 0.2 p i so th a t  the so lven t
f lu sh  i s  separa ted  from the sample w ith  a pocket of a i r ,  which may be used
as a marker. The needle i s  then immersed in the sample, and a 5-yl
p o r t io n  is  withdrawn. The volume of the needle i s  taken in to  conside ra tion  
since the sample In the needle w i l l  be completely in je c te d .  A fte r  the 
needle i s  removed from the sample, and p r io r  to in je c t io n ,  the plunger is  
pu lled  back a sh o r t  d is tance  to minimize evaporation  of the sample from the 
t ip  of the need le . I t  i s  recommended th a t  d u p lic a te  in je c t io n s  of each 
sample and standard be made. Using th is  technique, the maximum d iffe rence  
expected between r e s u l t s  of d u p lica te  in je c t io n s  i s  3%.

Other in je c t io n  techniques, such as use of automatic sample in je c to r s ,  
are  accep tab le  i f  th e i r  r e p ro d u c ib i l i ty  i s  a t  l e a s t  as good as the so lven t 
f lu s h  in je c t io n  technique.

(d) Measurement of area
Measure the area of the sample peak by an e le c t ro n ic  in te g ra to r  or some

o ther  su i ta b le  form of area measurement, and read the pre lim inary  r e s u l t s
from a standard curve prepared as d iscussed below.

Determination of Desorption E ffic ien cy
I t  i s  necessary to determine the percentage of s ty rene on the charcoal 

th a t  i s  removed by the desorp tion  p rocess . This deso rp tion  e ff ic ie n c y  may 
vary w ith  the amount of s ty rene adsorbed onto the charcoal and the
adsorp tion  c h a r a c t e r i s t i c s  of the ba tch  of charcoal being used. These
v a r ia b le s  n e c e s s i ta te  de term ination  of a desorp tion  e f f ic ie n c y  curve for 
each batch  of charcoal as described below fo r  100-mg q u a n t i t i e s  of 
charcoa l.  Charcoal from the batch used in p reparing  the sample tubes can be 
obtained from unused tubes of the same batch .

Measure 100-mg q u a n t i t i e s  of charcoal in to  g lass  tubes th a t  a re  5 cm 
long, 4 mm in s ide  diam eter, and flam e-sealed  a t  one end. I n j e c t  known 
amounts of sty rene  d i r e c t ly  in to  the charcoal with  a m ic ro l i te r  syringe, and 
cap the tubes with  an i n e r t  p l a s t i c  ( e . g . ,  P a ra f i lm ).

At l e a s t  f ive  tubes th a t  con ta in  d i f f e r e n t  amounts of styrene  are  
prepared in  th is  manner and allowed to stand a t  l e a s t  overn igh t to ensure 
complete adso rp tion  of styrene onto the charcoa l.  P rep a ra t io n  of r e p l ic a te  
tubes w ith  each amount of added s ty rene  is  recommended. These tubes w i l l  be 
r e fe r re d  to as the desorp tion  samples. Prepare a p a r a l l e l  blank tube in the 
same manner, except fo r  a d d i t io n  of s ty ren e . Desorb and analyze the 
desorp tion  samples and blanks in  exac tly  the same manner as previously  
described .
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Prepare desorp tion  standards by in je c t in g  the same volumes of styrene
in to  1.0 ml of carbon d i s u l f id e  with  the same syringe used in  the
p rep ara tio n  of the desorp tion  samples. R ep lica te  s tandards a re  recommended 
with each amount of added s ty ren e .  These a re  analyzed w ith  the desorption  
samples.

The deso rp tion  e f f ic ie n c y  equals the d iffe re n c e  between the average GC 
peak a rea  due to s tyrene recovered from the charcoal and the corresponding
peak area due to the charcoal blank divided by the average peak area due to
sty rene  added d i r e c t ly  to the carbon d i s u l f id e  or ,

desorp tion  e f f ic ie n c y  = area  of deso rp tion  sample - area  of blank
area of s tandard

The desorp tion  e f f ic ie n c y  i s  p lo t te d  vs . weight of s ty rene  found, and 
the curve is  used fo r  c o r re c t io n  fo r  incomplete deso rp tion .

C a l ib ra t io n  and Standards
I t  i s  convenient to prepare s tandards in terms of m illigram s of 

s ty re n e /1 .0  ml of carbon d i s u l f id e  i f  samples a re  desorbed in  th is  amount of 
carbon d i s u l f id e .  To minimize e r r o r  due to v a r i a b i l i t y  of carbon d i s u l f id e ,  
10 times the weight of s ty rene  can be in je c te d  in to  10 ml of carbon 
d i s u l f id e .  For example, to prepare  0.2 mg/1.0 ml of s tandard , i n j e c t  2.0 mg 
of s ty rene  in to  exac tly  10 ml of carbon d i s u l f id e  in  a g lass -s top pered  
f l a s k .  Use the density  of s ty rene  (0.9018 g/cu cm a t  25°C) to convert mg 
in to  y l fo r  easy measurement with  a m ic ro l i te r  sy ringe .

Prepare a s e r ie s  of s tand ards ,  varying the amount of added styrene  over 
the range of i n t e r e s t ,  and analyze them under the same GC conditions and 
during the same time period as the unknown samples. E s ta b l i s h  curves by 
p lo t t in g  average peak a rea  vs . m illigram s of styrene/volume of carbon 
d is u l f id e  used fo r  desorp tion .

A l te rn a t iv e ly ,  carbon d i s u l f id e  con ta in ing  a predetermined amount of an 
in te rn a l  s tandard  can be used, and the s ty rene  concen tra t ion  in  mg/ml can be 
p lo t te d  a g a in s t  the r a t i o  of the area of sty rene  to the area  of the in te rn a l  
standard . However, i t  needs to be e s ta b l ish e d  whether the concen tra t ion  of 
the in te rn a l  standard in  so lu t io n  is  changed by adsorp tion  on the charcoal.

C alcu la t ion s
(a) From the standard curve, read the weight in  m illigram s th a t  

corresponds to the peak a rea .  No volume c o r re c t io n s  a re  needed since  the 
standard curve i s  based on mg styrene/volume of carbon d i s u l f id e  used fo r  
deso rp tion , and the volume of sample in je c te d  i s  id e n t ic a l  to the volume of 
the s tandards in je c te d .
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(b) The weights of s ty rene  on the f ro n t  and reserve  sec tio n s  of the 
charcoal tube must be determined se p a ra te ly .

(c) C orrections to the s ty rene  w eights, determined on both the f ro n t  
and reserve  se c t io n s ,  fo r  the weights of the re sp ec t iv e  sec t io n s  of the 
blank charcoal tube are  made in  the following manner:

(1) S ub trac t  the weight of styrene found on the f ro n t  (adsorbing) 
se c t io n  of the blank charcoal tube from the weight of s ty rene  found on the 
f ro n t  se c t io n  of the sample charcoal tube to determine the co rrec ted  f ro n t  
se c tio n  weight.

(2) S ub trac t  the weight of sty rene  found on the reserve  (backup) 
se c tio n  of the blank charcoal tube from the weight of s ty rene  found on the 
reserve  se c t io n  of the sample charcoal tube to determine the corrected  
reserve  se c t io n  weight.

(3) Add the co rrec ted  amounts of s tyrene p re se n t  on the f ro n t  and 
backup se c tio n s  of the sample tube to determine the t o t a l  amount of styrene  
in  the sample, and d iv ide  th is  t o t a l  weight by the app ro p r ia te  desorption  
e f f ic ie n c y  to ob ta in  M, the t o t a l  (co rrec ted )  m illigram s per sample. The 
sample should be considered in v a l id  i f  the backup se c tio n  con ta in s  more than 
20% of the amount of s ty rene  on the f ro n t  sec tion .

(d) Convert the l i t e r s  of a i r  sampled (V) to the volume (V ') a t  
s tandard  cond itions  of 25°C and 760 mm Hg, as follows:

V' = 298VP = 0.392VP
760(T+273) (T+273)

Where:
V' = volume of sampled a i r  in  l i t e r s  a t  25°C and 760 mm Hg
V = measured volume of sampled a i r  in  l i t e r s
P = barometric p ressure  in  mm Hg, measured a t  time of 

sampling
T -  temperature of a i r  in  degrees C e ls iu s ,  measured a t  time of 

sampling
(e) The concen tra t ion  of s ty rene  in  the sampled a i r  a t  the standard 

cond itions  (25°C, 760 mm Hg) can be expressed in  various ways using M, the 
weight of s tyrene  obtained in ( c ) ( 3 ) ,  and V ',  the s tandard ized  sample 
volume, obtained in  (d ) ,  as follows:

(1) mg/1 = M/V'
(2) mg/cu m = y g / l i t e r  = 1,000 M/V'
(3) ppm = 235 M/V'
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XI. APPENDIX II

DETERMINATION OF MANDELIC ACID IN URINE

General C onsiderations
About 50-85% of absorbed sty rene  i s  e lim ina ted  as u r ina ry  mandelic acid

in humans [88,144,148], Urinary mandelic ac id  has been demonstrated to
c o r re la te  w ith  time-weighted average (TWA) styrene exposures [79,91,92,125, 
282], Another major styrene m e tab o li te ,  u r ina ry  phenylglyoxylie  a c id ,  can 
a lso  be e f f e c t iv e ly  determined, bu t th is  inform ation adds l i t t l e  inform ation
to th a t  gained from the de term ination  of mandelic ac id  [156],

Urine conta ins many substances th a t  may r e a c t  w ith  the reagen ts  used to 
determine mandelic acid by c o lo r im e tr ic  and polarographic  methods. In 
co lo r im e tr ic  methods, phenols r e a c t  w ith  s u l f u r ic  a c id -fo rm alin  [121], and 
l a c t i c  acid  re a c ts  w ith  f e r r i c  c h lo r id e  [144]; in polarographic  a n a ly s is ,  
pheny la lan ine , as well as mandelic ac id ,  w i l l  be converted to benzaldehyde 
[144], the m ate r ia l  th a t  i s  analyzed. Because of varying in te r fe re n c e s  from 
such substances, these c o lo r im e tr ic  and polarographic  methods are  no t 
sp e c if ic  and cannot be r e l ie d  upon to give accura te  r e s u l t s  a t  low u rina ry  
concen tra t ions  of mandelic ac id .  However, because of th e i r  s im p l ic i ty ,  
c o lo r im e tr ic  and polarographic  methods may be u se fu l  fo r  spo t checks when 
o ther  a n a ly t i c a l  methods a re  n o t  r e a d i ly  a v a i la b le .

Gas chromatography can be s p e c i f ic  fo r  mandelic acid  in  u r in e ;  methods 
have been w ell developed, in te r fe re n c e s  are  minimal, and s e n s i t i v i t y  is  
s u f f i c i e n t  to evalua te  occupational exposures to s ty ren e .  The method of 
Engstrom and Rantanen [79], as modified by Riihimaki and P f a f f l i  [154], has 
been su ccessfu lly  used to r e l a t e  u r ina ry  concen tra t ions  of mandelic ac id  to 
the 8-hour TWA styrene exposures of workers and i s  p resen ted  a t  the end of 
th is  appendix; mandelic acid  i s  analyzed by gas chromatography as i t s  
t r im e th y l s i ly 1 d e r iv a t iv e .  In  1979, Wilson e t  a l .  [343] used a s im ila r  
method th a t  included the use of p h e n y l la c t ic  ac id  as an in te rn a l  s tandard .

B io log ica l  monitoring should c o n s i s t  of the c o l le c t io n  and a n a ly s is  of 
each w orker 's  u rine  fo r  mandelic ac id  a t  the time of personal in d u s t r i a l  
hygiene monitoring of a irbo rne  s ty ren e . Mandelic ac id  concen tra tions  in 
u rine  samples co l lec te d  a t  the end of a w orksh if t  have been found to be 
roughly p ropo rt iona l  to TWA sty rene  exposures. Because a s u b s ta n t ia l  
po r tion  of styrene absorbed during a w orksh if t  i s  s t i l l  p re se n t  the nex t day 
[92,159,282], the measured value of u r ina ry  mandelic ac id  may r e f l e c t  
styrene exposure w ith in  the preceding 24 hours.

Based on the gas chromatographic method described below, on the average, 
a u r ina ry  mandelic ac id  c oncen tra t ion  of 1,200 mg/1 (ad ju s ted  to a sp e c i f ic  
g ra v i ty  of 1.018) corresponds to an average 8-hour TWA sty rene  exposure 
estim ate  of 55 ppm, with 95% confidence l im i ts  of about 25-120 ppm (see
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Figure V -l,  p. 141). I f  the u r ine  samples have a low s p e c i f ic  g ra v i ty  
( i . e . ,  below 1.010), a d d i t io n a l  samples should be c o l le c te d .  C orrec tion  may 
a lso  be made by d iv id ing  the amount of mandelic acid  by the amount of 
c re a t in in e  in  the sample [92].

Because of the in d iv id u a l v a r i a b i l i t y  of u r ina ry  mandelic ac id  values 
r e l a t iv e  to a irbo rne  s ty rene  c o n cen tra t io n s ,  u r ina ry  mandelic acid  
measurements serve only as a guide to es tim ate  the o v e ra l l  worker exposure 
to s ty ren e .  However, i f  u r ina ry  mandelic acid  concen tra t ions  tend to exceed 
1,200 mg/1 (ad ju s ted  to a s p e c i f ic  g ra v ity  of 1.018), the work s e t t in g  
should be evaluated  to id e n t i fy  the source of exposure. Among the poss ib le  
sources th a t  may need to be reeva lua ted  a re  TWA exposure concen tra t ions ,  
exposure to some o ther  substances such as e thylbenzene, improper work 
p ra c t ic e s  r e s u l t in g  in  s i g n i f i c a n t  percutaneous styrene  absorp tion  or , 
conceivably, s ty rene  in g es tio n  or nonoccupational exposure. Among 
nonoccupational sources th a t  r e s u l t  in  u r ina ry  mandelic ac id  e l im in a tio n  are  
hobbies th a t  r e s u l t  in  s ty rene  exposures and the use of medications th a t  may 
be sources of mandelic ac id .

I f  immediate processing  of c o l le c te d  u r ine  samples i s  n o t  p o s s ib le ,  the 
samples should be kep t in  a r e f r i g e r a t o r  a t  4°C; Flek and Sedivec [281] 
found th a t  u rine  samples remained unchanged fo r  a t  l e a s t  14 days under those 
cond it io ns .

Recommended A n a ly t ic a l  Method [79,154]
(a) P r in c ip le  of the Method

(1) Urine i s  c o l le c te d  from workers a t  or near the end of a 
w orksh if t;  s p e c i f ic  g ra v ity  i s  measured.

(2) The u r ine  i s  a c id i f i e d  w ith  HC1, sa tu ra te d  with  sodium
c h lo r id e ,  and e x trac te d  with d ie th y l  e th e r .

(3) An ap p ro p ria te  volume of the e x t r a c t  i s  removed and evaporated
to dryness.

(4) A p y r id in e -N ,0 -b is - ( t r im e th y l s i ly l ) - t r i f lu o ro a c e ta m id e  (BSTFA) 
so lu t io n  i s  added ( to  s i l y l a t e  the mandelic ac id )  and the mixture i s  allowed 
to r e a c t  a t  room temperature fo r  a few m inutes.

(5) A p o r t io n  of the reac ted  m a te r ia l  i s  in je c te d  d i r e c t ly  in to  a 
gas chromatograph.

(6) The amount of mandelic ac id  in  the u r ine  i s  p ro p o rt io n a l  to
the h e ig h t of the s i l y l a t e d  mandelic ac id  GC peak; peak i d e n t i f i c a t io n  i s
made by comparing r e te n t io n  time w ith  th a t  of a u th e n t ic  s i ly l a t e d  mandelic 
ac id .
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(b) E ff ic ien cy ,  R ep ro d u c ib i l i ty ,  and Range of the Method
The mean concen tra t ion  found in  10 r e p l ic a t e  samples of u r ine  conta in ing

1.6 mg mandelic acid (eq u iv a len t  to a concen tra t ion  of 800 mg/1 of u r ine )  
was 750 mg/1, an average recovery of 94% [79], The c o e f f ic ie n t  of v a r ia t io n  
determined from re p l ic a te  analyses was about 2%. The peak he igh ts  of the 
p lo t  from the gas chromatograph were p rop o rt io n a l to the concen tra tion  of 
mandelic ac id  added to normal u r in e  over the range of 0-800 mg/1.

(c) Advantages of the Method
The c o l le c t io n  of samples and th e i r  subsequent a n a ly s is  i s  simple and

rap id . The method can d e te c t  low concen tra tions  and small changes in  the
e xcre tio n  of mandelic a c id ;  blank samples in d ic a te  l i t t l e  or no in te rfe re n c e  
from the reagents  or o ther  substances p re se n t  in  the sample.

(d) Apparatus
(1) Gas chromatograph (GC) equipped w ith  a flame io n iz a t io n

d e te c to r .
(2) S ta in le s s  s t e e l  column (4 .6  f e e t  long x 1 /8-lnch  ou ter 

diameter) w ith  10% 0V-17 s ta t io n a ry  phase on 80/100 mesh Chromosorb W HP (or 
e q u iv a le n t ) .

(3) Recorder.
(4) M icrosyringes and p ip e ts  of app rop r ia te  s ize s  fo r  preparing 

standards .
(e) Reagents

(1) D iethyl e th e r .
(2) Hydrochloric a c id ,  6N
(3) Sodium c h lo r id e .
(4) P yrid ine .
(5) N ,0 - b i s - ( t r im e th y ls i ly 1 ) - tr if lu o ro ace tam id e  (BSTFA).

( f )  A nalysis of Samples
(1) Sample P repara t ion
A ll glassware i s  thoroughly cleaned and r in sed . A 2-ml po rtion  of 

u r ine  i s  p ip e t te d  in to  a t e s t  tube or o ther  convenient c o n ta in e r  and i s
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a c id i f ie d  with  40 y l  of 6N HC1 and sa tu ra ted  with NaCl. The mixture i s  
d i lu te d  to 10 ml with  d ie th y l  e th e r  and i s  shaken fo r  10 minutes.

A 0 .5 -  to 5.0-ml p o r t io n  of the e th e r  e x t r a c t  i s  evaporated to
dryness, and a pyridine-BSTFA ( 1 :1 ,v /v) mixture i s  added to the residue to 
ob ta in  a volume of 100 y l .  A fte r  a few minutes a t  room tem perature, a
p o r t io n  (1-2 y l )  of the re a c t io n  mixture i s  in je c te d  in to  a gas
chroma to grap h .

(2) GC Conditions (should be optimized according to the 
m anufac turer 's  s p e c i f ic a t io n s ) .  Typical opera ting  cond itions  fo r  the gas 
chromatograph are  as follows:

(A) 15 ml/min n i tro g e n  c a r r i e r  gas flow.
(B) 60 ml/min hydrogen gas flow to d e te c to r .
(C) 300 ml/min a i r  flow to d e te c to r .
(D) 200°C in je c to r  tem perature.
(E) 320°C manifold temperature ( d e te c to r ) .
(F) 155°C oven tem perature.

(g) C a l ib ra t io n  and Standards
I t  i s  convenient to prepare  s tandards in terms of mg of mandelic

a c i d / l i t e r  of u rine  (1 mg mandelic acid /m l of u r ine  i s  e q u iv a len t  to 1,000
mg/1). To minimize e r ro r s  in weighing and measuring, a concentrated
so lu t io n  can be prepared, and a s e r ie s  of s tandards can be made by p ip e t t in g  
varying volumes from the concen trated  so lu tio n  in to  a s e r ie s  of volumetric 
f la s k s .  The standards are  t re a te d  the same as the u r ine  samples. Measured 
volumes (1-2 y l )  of the s tandards a re  in je c te d  in to  a gas chromatograph 
using the same so lven t f lu sh  technique recommended fo r  s ty rene  an a ly s is
which was discussed in Appendix I ;  a s tandard  curve is  prepared by p lo t t i n g
peak he igh ts  vs. the amounts of mandelic acid  in je c te d .

Each time the a n a ly s is  i s  performed a blank tube and a t  l e a s t  one 
standard tube ( in  the midrange of the a n a ly s is )  should a lso  be analyzed so 
th a t  c o r re c t io n s  fo r  day-to-day v a r ia t io n  in  technique or reagents  can be
made.

(h) C a lcu la tions
(1) The weight of mandelic acid  in the sample is  determined by 

comparing the peak he igh t of the sample w ith  the s tandard  curve.
(2) The volume (V) of u r ine  represen ted  by the sample th a t  was 

in je c te d  in to  the gas chromatograph i s  determined as follows:
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V ■ a x b x c
Where:

a = volume of u r ine  t re a ted  fo r  a n a ly s is  
b = f r a c t io n  of the e th e r  e x t r a c t  evaporated to dryness 
c = f r a c t io n  of s i ly l a t e d  mixture in je c te d  in to  GC

For example, i f  2 ml of u r ine  was t re a te d  fo r  a n a ly s is  (a=2), and i f  a 
5-ml p o r tio n  of the e th e r  e x t r a c t  was evaporated (b=5/10), and i f  1.5 y l
of the re a c t io n  mixture was in je c te d  (C = l.5/100), then the volume (V) of
urine  in je c te d  would be 0.015 ml.

(3) The concen tra t ion  (C=yg/ml=mg/l) of mandelic ac id  in the
urine  sample is  determined by d iv id ing  the weight of mandelic ac id  in  yg
found in (1) by the u r ine  volume V

(A) The concen tra t ion  of mandelic acid  obtained in (3) is
converted to the concen tra t ion  in u r ine  a t  s p e c i f ic  g ra v ity  of 1.018 as
follows:

C’ = 18C
(SG-1.000) 1,000

Where:
C' “ co rrec ted  concen tra t ion  (mg/l)
C = measured concen tra t ion  (mg/l)
SG = measured sp e c i f ic  g rav ity  of the urine  sample
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XII. APPENDIX III

MATERIAL SAFETY DATA SHEET

The following items of inform ation which are  a p p licab le  to a sp ec if ic  
product or m a te r ia l  s h a l l  be provided in the a p p ro p r ia te  block of the 
M ater ia l  Safe ty  Data Sheet (MSDS).

The product designa tion  is  in se r te d  in  the block in  the upper l e f t  
corner of the f i r s t  page to f a c i l i t a t e  f i l i n g  and r e t r i e v a l .  P r i n t  in  upper 
case l e t t e r s  as large as p o s s ib le .  I t  should be p r in te d  to read up r ig h t  
with  the shee t turned sideways. The product des ig na tion  is  th a t  name or 
code des igna tion  which appears on the la b e l ,  or by which the product is  sold 
or known by workers. The r e l a t iv e  numerical hazard ra t in g s  and key 
statem ents a re  those determined by the ru le s  in Chapter V, P a r t  B, of the NIOSH p u b l ic a t io n ,  A Recommended S ta n d a rd . . . .An I d e n t i f i c a t io n  System fo r  
Occupationally  Hazardous M ate r ia ls  [306], The company id e n t i f i c a t io n  may be 
p r in ted  in  .the upper r i g h t  corner i f  des ired .

(a) Sec tion  I .  Production I d e n t i f i c a t io n
The m anufac turer 's  name, address , and reg u la r  and emergency telephone 

numbers ( inc lud ing  area  code) a re  in se r te d  in  the app ro p r ia te  blocks of 
Section  I .  The company l i s t e d  should be a source of d e ta i le d  backup 
inform ation on the hazards of the m a te r ia l ( s )  covered by the MSDS. The 
l i s t i n g  of su p p lie rs  or wholesale d i s t r ib u to r s  i s  discouraged. The trade 
name should be the product designa tion  or common name a sso c ia ted  with the 
m a te r ia l .  The synonyms a re  those commonly used fo r  the p roduct, e sp e c ia l ly  
formal chemical nomenclature. Every known chemical designa tion  or 
com p e ti to r 's  trade name need n o t be l i s t e d .

(b) Sec tion  I I .  Hazardous In g red ien ts
The "m a te r ia ls"  l i s t e d  in Sec tion  I I  s h a l l  be those substances which are  

p a r t  of the hazardous product covered by the MSDS and in d iv id u a l ly  meet any 
of the c r i t e r i a  defin ing  a hazardous m a te r ia l .  Thus, one component of a 
multicomponent product might be l i s t e d  because of i t s  t o x ic i ty ,  another 
component because of i t s  flammabi1i t y , while a th ird  component could be 
included both fo r  i t s  to x ic i ty  and i t s  r e a c t iv i ty .  Note th a t  a MSDS fo r  a 
s ing le  component product must have the name of the m a te r ia l  repeated  in  th is  
se c tio n  to avoid giving the impression th a t  there  a re  no hazardous 
in g re d ie n ts .

Chemical substances should be l i s t e d  according to th e i r  complete name 
derived from a recognized system of nomenclature. Where p o s s ib le ,  avoid 
using common names and general c la s s  names such as "aromatic amine," " sa fe ty  
so lv e n t ,"  or " a l ip h a t ic  hydrocarbon" when the sp e c i f ic  name i s  known.
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The "%" may be the approximate percentage by weight or volume ( in d ic a te  
b a s is )  which each hazardous in g re d ie n t  of the mixture bears  to the whole 
m ixture. This may be in d ica ted  as a range or maximum amount, i . e . ,  "10-40% 
v o l ."  or "10% max. w t."  to avoid d isc lo su re  of trade s e c re ts .

Toxic hazard data s h a l l  be s ta te d  in terms of concen tra t io n , mode of 
exposure or t e s t ,  and animal used, e . g . ,  "100 ppm LC 50-rat,"  "25 mg/kg
L D 50-sk in -rabb it ," "75 ppm LC man," "perm iss ib le  exposure from 29 CFR
1910.1000," o r , i f  no t  a v a i la b le ,  from o ther sources such as p u b lic a tio n s  of 
the American Conference of Governmental I n d u s t r i a l  H ygien ists  (ACGIH) or the 
American N ational Standards I n s t i t u t e ,  Inc (ANSI). F la shp o in t ,  shock 
s e n s i t i v i t y ,  or s im ila r  d e sc r ip t iv e  data may be used to in d ica te  
f lam m ab ili ty , r e a c t i v i t y ,  or s im i la r  hazardous p ro p e r t ie s  of the m a te r ia l .

(c) Sec tion  I I I .  P hysica l Data
The data in  Section  I I I  should be fo r  the t o t a l  mixture and should 

include the b o i l in g  p o in t  and m elting  p o in t  in  degrees F ah renhe it  (Celsius 
in  p a ren th eses ) ;  vapor p re ssu re ,  in  conventional m il l im e te rs  of mercury 
(mm Hg); vapor density  of gas or vapor ( a i r  = 1); s o lu b i l i t y  in  w ater, in 
pa rts /hundred  p a r ts  of water by weight; sp e c if ic  g ra v ity  (water = 1);
pe rcen t v o l a t i l e s  ( in d ica te d  i f  by weight or volume) a t  70°F (21.1°C);
evaporation  r a te  fo r  l iq u id s  or sublimable s o l id s ,  r e l a t iv e  to bu ty l 
a c e ta te ;  and appearance and odor. These data  a re  u se fu l  fo r  the c o n tro l  of 
toxic  substances . B oiling  p o in t ,  vapor d e n s i ty ,  pe rcen t v o l a t i l e s ,  vapor 
p re ssu re ,  and evaporation  a re  u se fu l  fo r  designing proper v e n t i la t io n  
equipment. This inform ation is  a lso  u se fu l  fo r  design and deployment of 
adequate f i r e  and s p i l l  containment equipment. The appearance and odor may 
f a c i l i t a t e  i d e n t i f i c a t io n  of substances s to red  in  improperly marked 
c o n ta in e rs ,  or when s p i l l e d .

(d) Sec tion  IV. F ire  and Explosion Data
S ection  IV should con ta in  complete f i r e  and explosion  data fo r  the

product, inc lud ing  f la s h p o in t  and a u to ig n i t io n  temperature in  degrees
Fah renhe it  (C els ius  in  p a ren th eses ) ;  flammable l im i t s ,  in  pe rcen t by volume 
in  a i r ;  su i ta b le  ex tingu ish ing  media or m a te r ia ls ;  sp e c ia l  f i r e f ig h t i n g  
procedures; and unusual f i r e  and explosion hazard in form ation . I f  the 
product p re sen ts  no f i r e  hazard, i n s e r t  "NO FIRE HAZARD" on the l in e  labeled "Extinguishing Media."

(e) Sec tion  V. H ealth Hazard Inform ation
The "Health Hazard Data" should be a combined es tim ate  of the 

hazard of the t o t a l  product. This can be expressed as a TWA concen tra t ion , 
as a perm iss ib le  exposure, or by some o ther  in d ic a t io n  of an accep table
standard . Other data a re  a ccep tab le ,  such as lowest LD50 i f  m ultip le
components a re  involved.
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Under "Routes of Exposure," comments in  each category should r e f l e c t  the 
p o te n t ia l  hazard from abso rp t ion  by the route  in  ques t ion . Comments should 
in d ic a te  the se v e r i ty  of the e f f e c t  and the b a s is  fo r  the s ta tem ent i f  
p o s s ib le .  The b a s is  might be animal s tu d ie s ,  analogy w ith  s im i la r  products, 
or human experiences . Comments such as "yes" or "p o ss ib le "  a re  no t  h e lp fu l .  
Typical comments might be:

Skin C o n tac t- -s in g le  sh o r t  c o n ta c t ,  no adverse e f f e c t s  l ik e ly ;  prolonged
or repeated  co n ta c t ,  possib ly  mild i r r i t a t i o n .
Eye Contact--some pain and mild t r a n s i e n t  i r r i t a t i o n ;  no corneal
s c a r r in g .
"Emergency and F i r s t  Aid Procedures" should be w r i t t e n  in  lay language 

and should p r im arily  rep re se n t  f i r s t - a i d  trea tm ent th a t  could be provided by 
paramedical personnel or in d iv id u a ls  t ra in ed  in  f i r s t  a id .

Inform ation in  the "Notes to Physician" se c t io n  should include any 
sp e c ia l  medical inform ation which would be of a s s i s ta n c e  to an a ttend ing  
physic ian  including  required  or recommended preplacement and pe r iod ic  
medical examinations, d iagn os t ic  procedures, and medical management of 
overexposed workers.

( f )  Section VI. R e a c t iv i ty  Data
The comments in Section VI r e l a t e  to safe  s to rage  and handling of 

hazardous, uns tab le  substances. I t  i s  p a r t i c u la r ly  im portant to h ig h l ig h t  
i n s t a b i l i t y  or in co m p a tib il i ty  to common substances or c ircum stances, such 
as w ater, d i r e c t  su n l ig h t ,  s t e e l  or copper p ip in g , a c id s ,  a l k a l i e s ,  e tc .  
"Hazardous Decomposition Products" s h a l l  include those products re leased  
under f i r e  c o n d it io n s .  I t  must a lso  include dangerous products produced by 
aging, such as peroxides in the case of some e th e r s .  Vhere ap p lica b le ,  
sh e lf  l i f e  should a lso  be in d ica ted .

(g) Sec tion  VII. S p i l l  or Leak Procedures
D eta iled  procedures fo r  cleanup and d isposa l  should be l i s t e d  w ith  

emphasis on p recau tions to be taken to p r o te c t  workers assigned  to cleanup 
d e t a i l .  S p e c if ic  n e u tr a l iz in g  chemicals or procedures should be described in 
d e t a i l .  D isposal methods should be e x p l i c i t  includ ing  proper labe ling  of 
con ta in ers  holding res idues  and u l t im a te  d isposa l methods such as " sa n i ta ry  
l a n d f i l l "  or in c in e r a t io n ."  Warnings such as "comply w ith  lo c a l ,  s t a t e ,  and 
Federa l a n t ip o l lu t io n  ordinances" a re  proper bu t n o t  s u f f i c i e n t .  S pecif ic  
procedures s h a l l  be id e n t i f ie d .

(h) Sec tion  V III .  Specia l P ro te c t io n  Inform ation
S ection  VIII req u ires  s p e c i f ic  in form ation . Statements such as "Yes," 

"No," or " I f  necessary" a re  n o t  in form ative . V e n t i la t io n  requirements 
should be sp e c i f ic  as to type and p re fe r re d  methods. R esp ira to rs  s h a l l  be
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sp ec if ie d  as to type and NIOSH or Mine Safety  and H ealth A dm inistra tion 
approval c l a s s ,  i . e . ,  "Supplied a i r , "  "Organic vapor c a n i s t e r , "  e tc .  
P ro te c t iv e  equipment must be sp e c if ie d  as to type and m a te r ia ls  of 
c o n s tru c t io n .

( i )  Section IX. Special P recau tions
"Precautionary  Statements" s h a l l  c o n s is t  of the la b e l  s tatem ents 

se le c ted  fo r  use on the con ta in er  or p lacard . A dditiona l inform ation on any 
a sp e c t  of sa fe ty  or h e a l th  no t covered in  o ther se c tio n s  should be in se r ted  
in  Section  IX. The lower block can con ta in  re fe rences  to published guides 
or in-house procedures fo r  handling and s to rag e . Department of 
T ran spo rta tion  markings and c l a s s i f i c a t i o n s  and o th e r  f r e ig h t ,  handling, or 
s to rage  requirements and environmental c o n tro ls  can be no ted .

( j )  S ignature  and F i l in g
F in a l ly ,  the name and address of the respons ib le  person who completed 

the MSDS and the date of completion a re  en te red . This w i l l  f a c i l i t a t e  
c o r re c t io n  of e r ro r s  and id e n t i fy  a source of a d d i t io n a l  in form ation .

The MSDS s h a l l  be f i l e d  in  a lo ca tio n  re a d i ly  a c c e s s ib le  to workers 
exposed to the hazardous substance. The MSDS can be used as a t ra in in g  a id  
and b a s is  fo r  d iscussion  during sa fe ty  meetings and t r a in in g  of new 
workers. I t  should a s s i s t  management by d i re c t in g  a t t e n t i o n  to the need fo r  
sp e c if ic  c o n tro l  eng ineering , work p r a c t i c e s ,  and p ro te c t iv e  measures to 
ensure safe  handling and use of the m a te r ia l .  I t  w i l l  a id  the sa fe ty  and 
h e a l th  s t a f f  in  planning a safe  and h e a l th fu l  work environment and in  
suggesting app rop ria te  emergency procedures and sources of help in the event 
of harmful exposure of workers.
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MATERIAL SAFETY DATA SHEET
1 PRODUCT IDENTIFICATION

M A N U F A C T U R E R 'S  NAM E
R E G U LA R  TELEPH O N E NO 
EM ER G ENC Y TELEPH ON E NO

ADDRESS

TRADE NAME

SYNONYMS

II HAZARDOUS INGREDIENTS

M A T E R IA L  OR COM PONENT % H A Z A R D  D A T A

III PHYSICAL DATA

B O IL IN G  PO IN T, 760 MM HG M E LT IN G  POINT

SPECIFIC G R A V IT Y  (H 20  = 1) VAPOR PRESSURE

VAPO R D E N S IT Y  (A IR  = 11 S O L U B IL IT Y  IN H 20  % BY WT

% V O L A T IL E S  BY VO L E V A P O R A T IO N  R ATE (B U T Y l. A C E T A T E O )

APPEARANCE A N D  ODOR
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IV FIRE AND EXPLOSION DATA
FLASH POINT 
(TEST METHOO)

AUTOIGNITION
TEM PERATURE

FLAM M ABLE LIMITS IN A IR . % BY VOL. LOWER UPPER

EXTINGUISHING
MEDIA

SPECIAL F IR E
FIGHTING
PROCEDURES

UNUSUAL FIR E  
AND EXPLOSION  
HAZARD

V HEALTH HAZARD INFORMATION
H EALTH HAZARD DATA

ROUTES OF EXPOSURE  

INHALATION

SKIN CONTACT

SKIN ABSORPTION

EVE CONTACT

INGESTION

E FF E C T S  OF O VEREXPO SURE  
ACUTE OVEREXPO SURE

CHRONIC O VEREXPO SURE

EMERGENCY1 AND FIR ST AID PROCEDURES  

EVES

SKIN:

INHALATION:

INGESTION:

NOTES TO PHYSICIAN
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CONDITIONS CONTRIBUTING TO IN STABILITY

VI REACTIVITY DATA

IN C O M P A T IB IL IT Y

HAZARDOUS DECOMPOSITION PRODUCTS

CONDITIONS CONTRIBUTING TO HAZARDOUS POLYM ERIZATION

VII SPILL OR LEAK PROCEDURES

STEPS TO BE TAKEN  IF M ATER IA L IS R ELEA SED  OR SPILLED  

N EUTRALIZIN G CHEM ICALS

WASTE DISPOSAL METHOD

VIII SPECIAL PROTECTION INFORMATION

VEN TILA TIO N  REQUIREM ENTS

SPECIFIC  PERSONAL PR O TECTIVE EQUIPMENT 

RESPIR ATO RY (SPECIFY IN D ETA IL!

EY E

GLO V ES

OTHER CLOTHING ANO EQUIPMENT
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IX SPECIAL PRECAUTIONS
P R E C A U T IO N A R Y

STATEM EN TS

O THER H A N O L IN G  A N D  
STORAGE REQ U IR EM EN TS

PR EPARED BY

ADDRESS

O ATE
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XIII. TABLES

Polystyrene

A cry lo n i tr i le -B u ta d ie n e -  
Styrene (ABS)

S ty re n e -A c ry lo n i t r i le  
(SAN)

S tyrene-Bu tad iene 
Latexes

Other Copolymers

S tyrene-Butadiene 
Rubber (SBR)

Unsaturated P o ly es te r  
Resins (Reinforced 
p la s t ic s /c o m p o s i te s )

TABLE XIII-1

END-USES OF STYRENE

In s u la t io n  board, l o o s e - f l l l  packaging, 
d isposab le  dinnerware, food c o n ta in e rs ,  toys, 
games, hobby k i t s ,  housings fo r  room a i r
c o n d it io n e rs  and small handheld app liances , 
te le v is io n  c a b in e ts ,  shower doors, d ra in  p ipes , 
tubing , l i g h t  d i f f u s e r s ,  audio and video tape
c a s s e t t e s ,  combs, b rushes , eyeg lasses , p icn ic  
co o le rs ,  molded s h u t te r s ,  f u rn i tu re  p a r t s ,  
w atering  cans, soap d ish e s ,  room d iv id e rs
Piping (d ra in ,  w aste , and v e n t ) ,  condu it ,
p i p e f i t t i n g s ,  automotive components (instrum ent 
pane ls , conso les, f ro n t  r a d ia to r  g r i l l e s ,  
h e ad lig h t  housings, e t c . ) ,  r e f r ig e r a to r  
d o o rl in e rs  and food compartments, te lephones, 
luggage and cases , toys , hobby k i t s ,  shower 
s t a l l s  and bathroom f ix tu r e s  fo r  mobile homes, 
margarine tubs, rad io  ch ass is
Drinking tumblers, b lender j a r s  and covers, 
d ish es ,  instrum ent panel le n se s ,  b a t te ry  cases
Tufted c a rp e t  and upho ls te ry  backcoatings, 
b inder fo r  paper co a t in g s ,  b inder  fo r  f e l t  base 
of v in y l f lo o r  t i l e ,  cement a d d i t iv e ,  component 
of la te x  p a in ts
Ion-exchange re s in s  (divinylbenzene-m odified 
p o ly s ty ren e ) ,  p a in t s ,  paper c o a t in g s ,  and f lo o r  
p o l ish es  ( s ty re n e -a c ry l ic  copolymer emulsions), 
footwear and adhesives (s ty rene  block copolymers)
Passenger ca r  t i r e s ,  i n d u s t r i a l  hoses, conveyer 
b e l t s ,  appliance  p a r t s ,  wire and cable 
in s u la t io n ,  footwear, coated f a b r i c s ,  car 
bumpers and w e a th e rs t r ip s ,  a d d i t iv e  in  cements 
and adhesives
Boats, open s to rage  tanks, tub and shower u n i ts  
truck camper tops, r e c re a t io n a l  v e h ic le s ,  w all 
panels

Adapted from r e f e r e n c e s [23,25,344,345].
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TABLE X III-2
O ccupational S tyren e Exposures by W orksite or P rocess

(E xclud ing the R ein forced  P la s t lc s /C o n p o s lte s  In d u stry)

Worksite or Process Reference Year Sanples
S tyrene 

Range
i EE", 
Average Connents

Styrene Mononer Production 156] '52 6 ND * NAH
184] •74 29 0.8-7.8 2.5
(75] '78 60 ND-6.8 0.5 LDLsl ppb
131] *80 * <10 * NAH

SAN Copolyner Production 193] •71 * < 1.2 <1.2 NAH

ABS-SAN Resin Production 1333] '77 11 ND-3.1 0.7 LDL:10 ppb

Copolymer Production
(malelc anhydride) 184] •74 6 0.9-2.1 1.5

S tyrene-Butadiene
Latex Production 184] '74 11 1.0-3.9 2.5

131] *80 • 4-22 * NAH

Acrylic Ester-S tyrene
Copolyner Production [346] ’82 50 ND-20 0.6 LDL:10 ppb

alpha-Hethyl Styrene Production 1347] '80 14 ND-0.1 0.03 LDL: 2 ppb

Polystyrene Production 156] *52 2 ND-188* NAH
194] *63 * 0.05-2.2 <2.2 NAH
1931 ‘71 * < 5 <5 NAH
[84] •74 13 1.2-18 7.2
[32] •74 * < 5 <5
[333] '77 11 ND-1.7 0.2 LDL:100 ppb
[75,77] •78 70 0.1-47 1.8
[31] *80 * <10 • NAH

SBR Production 1348] *44 * < 500* NAH
[349] *68 * 14-31* NAH
[350] •77 50 0.05-10 0.07
[333] •77 119 ND-3.8 1.3 LDL:20 ppb
[351] •78 21 ND-2.3 0.4 LDL:20 ppb
[352,353] *81 57 ND-4.4 0.9 LDL:50 ppb
[352,353] •81 35 0.04-12 2.0
[354] •82 159 0-65 1.7 CT & PDD

SBR Vulcanlzatlon/Curlng [3551 *69 * 0.5-9.4* NAH
[356] •77 18 0.06-0.18 0.10
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TABLE X I I I -2 (CONTINUED)
O ccupational S tyren e Exposures by W orksite or P rocess

(E xclu d in g  the R einforced  P la s tlc s /C o m p o s ltea  In d u stry)

Styrene, ppm
Worksite or'Process Reference Year Samples Range Average Consents

MISC. APPLICATIONS/USES 
Styrene-Polyester Resins 

Surface coatings 
Filter parts (molding) 
Furniture parts (molding) 
Electrical parts (molding) 
Putty (splicing)
Imitation Ice cubes (molding) 
Marble bath tubs & vanity tops

S tyrene-Acrylic Pump Parts

Plastic Concrete Pouring 
(confined space)

ABS Fabrication
Injection Molding (dashboards) 
Extrusion and Injection Molding 
Injection Molding (visors)

Paper Coating

Glues and Fillers 

SBR Extrusion (hose)

Recording Tape

Polystyrene Injection Molding

[357) ’60 *
[1021 ’66 *
[3581 *74 5
[1591 * 74 2
|359l *76 5
1360) *79 5
[361j ’81 2
l36lj *81 9
[3611 ’81 1

[3621 ’80 32

[3631 ‘67 *

[3641 *76 7
(3651 '78 4
[3661 *80 10

[3671 '75 9
[3681 *80 2

[3691 ’77 5

[3701 '73 24

[3711 '81 13

[3721 '81 19

200-700 * NAM
40-100 * NAM
2-13 8
50-200 125
2-16 7 15-min. Peaks
0.5-3.1 1.1
15-19 17
1.6-60 23 15-min. Peaks
82 82 5-mln. Peaks

4-220 40

25-1000 * DT & CGM

ND
ND
0.3-0.9

<LD
<LD

0.5

LDL:20 ppb 
LDL:4 ppb
1

0.7-3.1 
ND

1.6
<LD LDL:1 ppm

ND-38 11 LDL:10 ppb

ND <LD LDL:5 ppb

<1 <1

ND <LD LDL:2 ppb

Note: Unless specified as 'Peaks, exposure levels are time-weighted averages
ND - non? detected
* - not given
NAM - no analysis method given
LDL - lower detection limit in parts per billion (ppb) of styrene
DT & Cfirt - peak samples measured with detector tubes and a combustible gas meter
CT & PDD - charcoal tubes and passive diffusion dosimeters
Gas chromatography analysis techniques were used unless noted by NAM or DT-CGM.
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TABLE X I l l - 3
O ccupational S tyren e Exposures In the

R ein forced  P la s  tlca /C o a p o s l t e s  Industry

Iteaa Fabricated Reference Year Samplea
Styrene

Range
. PP" 
Average Coaacnt*

Boats (373) '55 * 200-700 * NAN
( H O ) *63 * 11-736 <209 HAH
(35) *72 IS 17-292 *

• 1500 * 5-10 aln. Peak
(113) •77 25 1-144 49

2 87-102 95
41 ND-111 44 LDLtO.l ppi

1 U 2 ) •77 • < 1-217 3-44 1 hr.
* < 1-402 5-312 1 hr.
* < 1-324 3-171 1 hr.
* 2-384 20-144 1 hr.

(751 *78 11 50-300 148 DT
1374) •81 23 6-90 39

21 4-179 52
57 1-399 142
19 13-382 71

100 2-509 143
94 26-745 203
19 11-371 133
37 10-161 86
77 30-466 179
70 43-214 86
18 64-187 126
97 1-226 63

1343) •82 53 7-85 37 CM
67 10-183 60 CH
38 18-179 70 GH
69 30-158 86 GH
62 17-154 58 GH

116 2-121 28 CH
59 15-160 74 GH

Saall parta (110) •63 * 3-75 <44 NAM

Big parts * 4-329 <106 NAH



Occupational Styrent Exposures In the 
Reinforced Plastics/Composites Industry

TABLE X 1II-3 (CONTINUED)

Items Fabricated Reference Year Samples
Styrene

Range
» EE" .. 
Average Comaen ts

Large parts 11091 ’67 10 6-94 * POL

Truck parts [ 375) *72 60 0.2-70 9

Storage Tanka 1376) •73 71 10-210 •

Bathroom fixtures 1377) *73 18 7-188 49

Tubs and Showers |104) *74 32 45-550 183

Large Containers [378) •75 21 7-162 63

Pipe connectors 1379) *76 23 2-54 13
13801 *76 24 ND-34 8 LDL:0.2 ppm
[381] •76 20 0.2-136 27

Various items [382) ’78 * 4-291 56 HED

Holdings, sheets 175) *78 9 50-70 * Peaks, DT

Holdings, mats ’78 9 50-300 129 Peaks, DT

Holds 1383) •78 1 12 12

Aircraft parts [36] •79 43 6-293 36

18 39-1080 368 15-min. Peaks

Instrument cases [384] '79 12 9-48 22
20 4-200 44
9 10-700 * Peaks, PI

Scrubber component [385) '79 24 ND <LDL LDL:0.2 ppm

Pump parts 1362) *80 32 4-200 40
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TABLE X III-3  (CONTINUED)
Occupational Styrene Exposures In the 

Reinforced Plastics/Composites Industry

Items Fabricated Reference Year Samples
Styrene

Range
L PE" 
Average Comments

Storage tanks, pumps 13861 o«0 9 15-47 30

Large pipes [387) *81 38 1-29 8

Storage tanks, hoods, ducts [3881 •81 12 4-35 13

Model trucks [389) •81 3 ND-3 2 LDL:0.2 ppm

* - not given 
ND - none detected
NAN - analytical Method not given, otherwise gas chromatographic methods were used
LDL - lower detection limit
DT - detector tubes
POL - polarography used
PI - photoioniser used
CM - geometric mean Instead of average
NED - median value Instead of average



TABLE XIII-4

Other Substances Found at Worksites Processing, Handling, or Using
Styrene or Styrene-Containing Materials

Worksite or Process Substances Found in  Measurable 
Q u a n t i t i t e s  in  Air Samples

Styrene Monomer Production Benzene, ethylbenzene [31 ,33 ,56 ,84];  
toluene [33,84]; e thane, e th y len e [33]

Polysty rene Production Ethylbenzene [32]; benzene, to luene, 
tr ica lc iu m  phosphate d u s t ,  cadmium 
s u lf id e  dus t ,  pentane [84]; 
pheny le ther,  d ipheny le ther  [32]

SBR Production Butadiene [333,349,350,351,353,354]; 
toluene [350,353,354];
4-viny1-1-cyclohexene [350,353]; 
benzene [350,354]; cyclooctad iene 
[350]; benzene [333];
4-isopropy1-1-methy1-cyclohexane, 
methanes, ethylbenzene, d u s t  [353]

SBR V ulcanization/C uring Toluene, 4 -v in y l- l-cy c lo h ex en e , 
ethylbenzene,
1 ,5 -cy c lo o c ta d ie n e ,1 ,5 ,9 -c y c lo -  
dodeca trienes [356]; bu tad iene , o i l  
a e ro so ls ,  formaldehyde, methanol, 
s u l fu r  d iox ide , a c r o le in ,  aromatic 
amines, a c r y l o n i t r i l e ,  carbon monoxide 
[355]

Styrene-m aleic  Anhydride Resin
Production Toluene [84]
S ty rene-butadiene  Latex Production Toluene, benzene [84]; ammonia, 

formaldehyde [31 ,84]; bu tad iene , 
a c r y l i c  a c id ,  hydroxyethyl a c ry la te ,  
sodium pentachlorophenate , s i l i c a  [31]

SAN Production A c ry lo n i t r i le  [93]
ABS Production A c ry lo n i t r i l e  [333]
A crylic  E ste r-S ty ren e Alpha-methyl s ty ren e ,  methyl
Copolymer Production m ethacry la te , e th y l  a c r y la te ,  n -bu ty l 

a c ry la te ,  2 -e thy lhexy l a c r y la te  [346]
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TABLE XIII-4 (CONTINUED)

Other Substances Found at Worksites Processing, Handling, or Using
Styrene or Styrene-Containing Materials

Worksite or Process Substances Found in  Measurable 
Q u a n t i t i t e s  in  A ir Samples

M iscellaneous P l a s t i c  Operations/Uses 
SBR ex tru s io n  (w ea th e rs t r ip s ) N-butyl a c e ta te ,  a sb e s to s ,  acetone, 

isopropy l a c e ta te ,  petroleum naphtha, 
methyl e th y l  ketone, carbon monoxide
[390]

Styrene-polyes t e r  Usage
molding ( fu rn i tu r e  p a r ts )
molding(ice cubes) 
molding (marble bath tubs)
coating  (paper)

S ty re n e -a c ry l ie s  Molding
ABS Usage

in je c t io n  molding (v is o r s )  
e x tru s io n  & in je c t io n  molding

molding ( a i r c r a f t  p a r ts )  
in je c t io n  molding

Paper Coating 
Recording Tape

Combustion Products of Polystyrene 
(experiment)

Methylene c h lo r id e ,  petroleum naphtha 
[358]
Methyl e th y l  ketone peroxide [360] 
Acetone, to luene, methyl e th y l  ketone, 
dus t  [361]
Petroleum naphtha, to luene , xylene 
[367]
Xylene, 1 ,1 ,1 - tr ic h lo ro e th an e  [362]

Butadiene, methyl e th y l  ketone [366] 
Carbon monoxide, hydrogen cyanide, 
bu tad iene , benzene, a c ro le in ,  dus t,  
aceta ldehyde, formaldehyde, a l i p h a t i c  
amines [365]
Methylene c h lo r id e ,  methyl e th y l  
ketone, methanol, dus t  [36] 
B u ty l -p -c re so l ,  d u s t ,  carbon monoxide, 
formaldehyde [364]
Formaldehyde [368]
M ethy l- iso -bu ty l ketone, to luene,
1 ,1 ,1 - tr ic h lo ro e th an e  [371]
Benzaldehyde, s ty rene  oxide, 
acetophenone, 1-phenylethanol, phenol, 
formaldehyde, carbon monoxide, 
a l ly lb e n z e n e , benzene, to luene , 
ethylbenzene, isopropylbenzene, 
alpha-methyl s ty ren e ,  aeryla ldehyde
[391]
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TABLE XIII-4 (CONTINUED)

Other Substances Found at Worksites Processing, Handling, or Using
Styrene or Styrene-Containing Materials

Worksite or Process Substances Found in  Measurable
Q u a n t i t i t e s  in  A ir Samples

Reinforced P lastics /C om posites  Acetone [36,113,375,376,377,378,383,
384,388]; methylene ch lo r id e
[113.375.376.383.386.388]; dus t 
[361,375,383,386,387]; f ib rous  g lass
[377.378.386.388]; to luene
[113.375.376.389]; methyl e th y l  ketone 
[113,375,383,386]; m ethy l- iso -bu ty l  
ketone [375,389]; s i l i c a  [379,380];
MDI [104,376]; xylene [113,375]; 
amines [104]; naphtha, mold re le a se  
agents [113];methyl a c e ta te  [113]; 
isopropyl a lco h o l ,  n -b u ty l  a c e ta te ,  
c e l lo so lv e  a c e ta te  [375]; TDI [377]; 
benzene, ethylbenzene [380]; benzoyl 
peroxide [387]; b isphenol A, 
d ig ly c id y l  e th e r  of b isphenol A [389]; 
a l ip h a t i c  hydrocarbons, 
perch lo roethy lene  [383]; 
t r ic h lo ro e th y le n e  [36]; methyl e th y l  
ketone peroxide [384]; s ty rene  oxide 
[233,269].
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TABLE XIII-5

I d e n t i f i c a t io n  of Major In d u s t r ie s  Producing, Using, 
or Handling Styrene

Industry  (Use or P r o d u c t ) S I C  Major Group Code*

C onstruction  (p a in t in g ,  concrete  f in i s h in g )  15,16,17
T e x ti le s  (coated f a b r ic s )  22
Wood Products and F u rn itu re  (RP/C - mobile home 24,25
components)
Paper Products (paper coa tings)  26
Chemicals and A ll ie d  Products (monomer, r e s in s ,  28
p a in t s ,  adhesives , e t c . )
Rubber and P l a s t i c  Products ( t i r e s ,  molded and extruded 30
item s, RP/C - tanks, ba th tubs , shower s t a l l s ,  e t c . )
Stone, Clay, G lass, and Concrete Products (pressed  g la s s ,  32
pipe connectors , marble items)
F abrica ted  Metal P a r ts  (p a in t in g )  34
M achinery(painting, molded p a r t s ,  RP/C - TV c a b in e ts ,  35,36
farm equipment, v e n t i l a t io n  duc ts ,  e t c . )
T ran spo rta tion  Equipment (RP/C - b o a ts ,  sh ip s ,  p a r t s )  37
Measuring Instrum ents ; Medical Goods ( s u rg ic a l  38
instrum en ts , RP/C - instrum ent cases)
Miscellaneous Manufacturing ( sp o r t in g  goods, costume 39
jew elry , b u t to n s ,  s ig n s ,  RP/C - swimming pools)
Automotive Repair Shops (RP/C) 75

♦Taken from the Standard I n d u s t r i a l  C la s s i f i c a t io n  Manua1 1972 (U.S. GPO 
Stock No.041-001-00066-6).
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KEY WORD INDEX

A
a b e r ra t io n (s )  15, 38, 66, 67, 68, 

69, 70, 79, 98, 99, 100, 101,
125, 154, 182, 186, 187 

abortions  45, 76, 77, 78, 79,
126, 130, 136, 145, 155, 183 

acetone 17, 25, 38, 56, 61, 75,
109, 161, 234, 235 

acne 74
a c r y lo n i t r i l e  42, 80, 135, 186, 

189, 233
a e r y lo n i t r i l e -b u ta d ie n e - s ty rene 

18, 227 
acu ity  22, 23
adenocarcinomas 107, 126, 127 
adenomas 107, 108, 109, 126, 127 
adipose ( t i s s u e )  86 
a d ren o co r t ica l  ( in s u f f ic ie n c y )  16 
a g i t a t io n  55, 210 
airway ( e f f e c t s )  41, 123, 153 
albumin 38, 51
alpha-methyl (s ty rene )  99, 179, 183, 228, 233, 234 
a lv e o la r  28, 29, 32, 33, 83, 84, 

85, 100, 106, 109, 125, 137, 142, 
143, 144, 178, 186 

amniotic ( f l u id )  101, 102 
anemia 31, 49, 74 
anencephaly 25, 26 
a n e s th e t ic  ( e f f e c t s )  111 
aneuploidy 67, 100 
an iso cy to s is  95 
a n iso re f le x ia  48 
anomaly(ies) 25, 103 
anorexia 49, 51, 55, 59 
anxie ty  23, 176 
apathy 55 
a p p e t i te  64
asleep  ( d i f f i c u l t i e s  in  s tay ing)

65
asthen ia  (weakness) 48, 49 
a s th e n ic -v e g e ta t iv e  (syndrome) 48 
aud iov isua l ( re a c t io n  time te s t s )

31, 32, 151 
autonomic (nervous system) 23, 52, 

153

B
balance 1, 26, 28, 32, 35, 52,

121, 122, 130, 150, 153, 156,
177, 181, 190

behaviora l 65, 75, 76, 94, 103, 
183, 185, 198 

benzene 17, 18, 19, 36, 38, 39,
40, 45, 79, 80, 93, 109, 117,
122, 127, 170, 172, 173, 176, 183 

benzoic (ac id )  46, 97, 112, 116,
129

b e ta -n i t ro s ty re n e  108, 109, 127, 
188

b i l e  43, 44, 121
b i l i r u b in  38, 40, 45, 46, 51,

60
biopsy 23, 86
b io transfo rm ation  100, 124, 154, 

183, 185, 187, 190, 191 
b i r t h  (d e fe c ts )  15, 25, 78, 155 
b ladder 16, 36, 37, 45, 51, 74,

129
blind  (spo ts  in  both eyes) 23 
b l i s t e r i n g  93, 168 
blood 21, 22, 23, 24, 25, 27, 28, 

29, 35, 39, 40, 44, 45, 48, 49,
50, 51, 54, 57, 60, 61, 66, 68,
69, 70, 72, 73, 74, 75, 76, 81,
83, 84, 85, 88, 93, 94, 95, 99,
1 01 , 102 , 110 , 111 , 1 1 2 , 120 ,
125, 129, 137, 142, 154, 155,
172, 176, 177, 178, 181, 190

b o i l in g  (p o in t)  17, 162, 220
bone 24, 98, 100, 101, 105, 125, 

186, 187
Bourdon-Wiersman ( t e s t )  65, 75 
b ra in (s )  23, 94, 95, 110, 111, 119 
b rea th  28, 51, 58, 59, 72, 73,

75, 82, 83, 85, 87, 88, 123, 137, 
142, 143, 153, 177 

b ronch io la r  (adenomas) 109 
burning 21, 27
burns (of the human cornea) 21,

123, 175
butadiene 16, 79, 80, 111, 134, 

135, 172, 201, 233, 234
C

calcium (d e p o s i ts )  107 
cancer 79, 80, 81, 82, 108, 109, 

127, 128, 130, 136, 156, 188
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KEY WORD INDEX (CONTINUED)

c a p i i l a r y ( i e s )  16, 84, 137, 145, 
172

c a r c i n o g e n ,  c a r c i n o g e n i c ,
carc in o g en ic i ty  2, 15, 82, 96, 
98, 106, 109, 110, 126, 127, 128, 
146, 150, 156, 157, 183, 186,
187, 188 

carcinomas 107, 108, 109, 110 
card iac  ( t e s t s )  83 
card io vascu la r  74, 79, 127 
c a ta r rh  (upper re s p i ra to ry )  60 
CBC (complete blood count) 28,

29, 38, 66, 72 
c e re b e l la r  (nerve d is tu rbances)  24 
ce re b ra l  24, 26, 48, 79, 176 
chapped (sk in) 61, 123 
c h es t  23, 38, 41, 51, 57, 58, 59,

69, 123, 153 
c h ick en  (embryos)  101 
C h o l i n e s t e r a s e  ( a c t i v i t i e s )  94 
chromatid 1, 15, 68,  70, 79, 99,

100, 125, 154, 186, 187 
chromosomal 15, 66, 67, 68, 69,

70, 78, 79, 98, 100, 101, 125,
150, 154, 156, 182, 186, 187

chromosome(s) 1, 38, 66, 68, 69,
70, 99, 100, 101, 124, 177, 182, 
186, 187 

c la s to g en ic  66, 100, 187 
CNS ( c e n t r a l  nervous system) 1,

2, 15, 25, 26, 29, 48, 62, 75,
91, 121, 122, 129, 145, 150, 151, 
153, 156 

c o l i t i s  74 
colon (cancers)  79 
confusion 56, 150 
congen ita l  25, 125
congestion 10, 22, 58, 91, 92,

95, 106, 108, 124 
con ju nc t iva l  22, 41, 58, 93, 153 
c o n ju n c t iv i t i s  49, 62 
consciousness ( lo s s  of) 91 
convulsions (c lo n ic )  91 
coord ination  27, 28, 74, 75, 121, 

122, 130, 150 
copolymer(s) 18, 19, 39, 41, 78, 

173, 179, 197, 227, 228, 233 
cornea(s) 21, 41, 93, 123, 175
cough 57, 58
c re a t in in e  28, 38, 39, 51, 67,

70, 76, 83, 85, 89, 143, 215

c re a t in u r ia  23
cy tog ene tic ,  cy to g en ic i ty  90, 99, 

105, 126, 130, 186

deaths 79, 80, 81, 91, 92, 93,
102, 103, 110, 127, 130, 156 

d e fa t t in g  61, 123, 156 
de fec ts  15, 25, 78, 105, 125, 155, 

176
depression 1, 2, 15, 26, 29, 75, 

91, 94, 121, 122, 129, 150, 151, 
156, 189

dermal, d e rm a ti t is  22, 46, 61,
74, 123, 156, 164, 169, 200 

dermatosis 50 
d e to x i f ic a t io n  124, 154 
d e x te r i ty  27, 28, 30, 31, 74,

121, 122, 130, 150 
d iaphoresis  60 
d ig e s t iv e  35, 79, 172 
d izz iness  1, 22, 26, 34, 48, 55, 

56, 57, 59, 78, 85, 122, 150,
151, 156

DNA 15, 68, 70, 98, 121, 124,
125, 154, 183, 186 

drowsiness 1, 24, 26, 46, 51, 52, 
53, 55, 59, 61, 121, 150, 151, 156 

drunkenness (sense of) 26

E. c o l i  97, 124, 154 
e a r ( s )  25, 35, 93, 167, 168 
eczema 53
edema 23, 25, 91, 92 
e lec trocard iogram  (ECG) 35, 69 
electroencephalogram (EEG) 1, 

23, 24, 29, 52, 59, 60, 61, 62, 
63, 65, 69, 79, 85, 122, 130, 
150, 152, 156 

electromyogram (EMG) 22, 23, 30, 
59, 122 

electromyograph 63 
embryo(s) 101, 102, 103, 105, 

126, 187
embryotoxic, em bryotoxicity 77, 

103, 104, 105, 126, 187
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emotional ( in s u f f ic ie n c y )  24 
emotional (com plaints) 26 
emotional ( i n s t a b i l i t y )  48 
emphysema 23, 80
enzyme(s) 96, 97, 98, 99, 114,

116, 119, 120, 124, 128, 186, 201 
e p ig a s t r i c  (pa ins)  44 
equ ilib rium  29, 32, 91, 122, 150 
erythema 58, 93 
e ry th ro c y te (s )  38, 95, 120, 190 
esophagus ( i r r i t a t i o n  of) 93 
ethylbenzene 18, 19, 36, 38, 39, 

40, 79, 80, 81, 99, 122, 133,
144, 170, 172, 179, 184, 192,
215, 233, 234, 235

e x c i t a b i l i t y  60, 153 
excre ted  82, 83, 85, 87, 110,

112, 113, 114, 117, 129, 130,
137, 139, 142, 194

excre tio n  23, 26, 28, 60, 70, 73, 
85, 86, 87, 88, 89, 90, 112, 113, 
114, 115, 116, 117, 121, 128,
137, 138, 142, 144, 145, 183,
184, 188, 194, 195, 200, 216

e x fo l ia t io n  93
exhaled 28, 29, 30, 32, 73, 82, 

83, 87, 110, 137 
eye(s) 1, 2, 3, 4, 5, 6, 8, 12, 

15, 21, 22, 23, 26, 27, 28, 30,
34, 35, 50, 52, 55, 56, 57, 58,
59, 60, 64, 74, 78, 85, 91, 92,
93, 94, 122, 123, 130, 145, 147,
150, 151, 152, 153, 156, 160,
161, 169, 170, 198, 221

e y e l id ( s )  41, 93
F

face 6, 27, 91, 160, 161, 169
f a t  21, 32, 33, 39, 40, 86, 94,

112, 113, 178 
f a t ig u e ,  fa t ig u ed  1, 22, 24, 26, 

34, 35, 46, 48, 52, 53, 55, 56,
58, 61, 76, 121, 122, 129, 150,
151, 156 

feces 110, 112
FEF (forced ex p ira to ry  flow) 74, 

154
f e r t i l i t y  26, 105
f e t a l  101, 102, 104, 105, 155

f e to to x ic i ty  126 
f e tu s (e s )  102, 103, 104, 105, 126 
FEVi (forced e x p ira to ry  volume in 

1 second) 50, 58, 74, 123, 153, 
154

FEV1/FVC 30, 61, 74, 154 
fever  42
f ib r in o ly s i s  61, 181 
f ln g e r ( s )  27, 48, 60, 62, 153 
Flanagan (Coordination Test)  27, 

28, 74, 75 
f l i e s  100, 101, 125 
forearm (s) 22, 55, 74, 87 
forestomach 108, 110 
fo rg e t fu ln e ss  59 
formaldehyde 45, 80, 233, 234 
fu g i t iv e  (em issions) 19 
FVC (forced v i t a l  capac ity )  30, 

58, 74, 154
G

g a s t r a lg ia  33, 34, 35, 49,
129

g a s t r i c  55, 93, 201 
gastrocnemius (muscles) 23 
g a s t r o i n te s t in a l  45, 129, 130 
gene 98, 125 
genetic  120, 129, 155 
genotoxic 70, 125, 154 
g e s ta t io n  102, 103, 104, 105,

106, 107, 126 
GGTP ( gamma-

g lu tam y ltranspep tidase)  38, 40, 
69

giddiness 62, 151
groggy ( fe e l in g )  55
guinea (p ig s)  90, 91, 92, 93,

113, 118, 120, 124, 129 
gynecological 44, 45, 51

H
h a i r  93, 168 
h a l f - l iv e s  86, 90
ham ster(s) 97, 98, 99, 100, 101,

104, 118, 120, 124, 125, 126,
154, 187
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hand( s ) 13, 19, 22, 23, 27, 46,
48, 49, 52, 53, 57, 60, 61, 63,
65, 71, 73, 74, 87, 88, 145, 155, 
163, 167, 169 

Hautant ( t e s t )  52 
headache(s) 1, 23, 24, 26, 28,

30, 34, 35, 44, 48, 49, 51, 52,
53, 55, 56, 57, 58, 59, 62, 78,
85, 121, 122, 129, 150, 151, 152, 156

h e a r t  30, 44, 48, 80, 84, 95,
118, 119, 120, 151 

h e e l - to - to e  ( t e s t )  29 
hem atocrit  40
hematopoietic 81, 130, 148, 156, 

201
hemoglobin 40, 94, 95, 102, 103 
hemograms 96 
hemorrhage 91, 92 
hepatectomized (mice) 100 
hepa tic  45, 95, 114, 118, 119, 

121, 124, 172, 187, 189, 190 
h e p a to b i l ia ry  45 
h e p a to c e l lu la r  95, 107 
hepato tox ic  124
hippuric  (ac id )  22, 23, 26, 27, 

28, 46, 60, 82, 90, 97, 112, 113, 
114, 115, 116, 117, 129, 137,
139, 142, 184, 195, 

hives 51
hounds (Beagle) 95 
hydrocephaly 25, 26 
hyperb ilirub inem ia  53 
h y p erre f lex ia  59
hypertension 51 
hyporeflex ia  52

imbalance 24 
incoo rd ina tion  91 
in e b r ia te d ,  in e b r ia t io n  28, 121, 150
inflam mation(s) 16, 35, 42, 74, 

92, 93, 107, 108, 129 
in fra re d  (IR) 27, 95, 134, 135 
inges ting  130, 137, 145, 161, 215

in h a la t io n ,  inhaled 1, 3, 4, 5, 
23, 26, 32, 82, 83, 84, 85, 91,
92, 93, 94, 95, 100, 102, 104,
105, 106, 111, 126, 128, 137,
169, 176, 185, 186, 187, 188, 189

insomnia 23
in to x ica te d ,  in to x ic a t io n  21, 26, 

34, 62, 64, 65, 78, 93, 121, 129, 
150

i r r i t a b i l i t y  24 
i r r i t a n t ( s )  21, 50, 51, 57, 122, 

123, 130, 153, 198 
i r r i t a t i n g  4, 5, 21, 92, 94
i r r i t a t i o n  1, 2, 4 , 8, 12, 15,

21, 23, 26, 27, 28, 30, 34, 35,
41, 44, 50, 55, 56, 57, 58, 62,
64, 74, 78, 85, 91, 92, 93, 122,
123, 147, 150, 151, 152, 153,
156, 161, 168, 169, 170, 221

itc h in g  22

jaundice 24
K

kidney(s)  21, 74, 79, 91, 92, 93, 
94, 95, 105, 108, 110, 111, 112, 
119, 120 

knee ( re f le x e s )  49, 59

lac rim a tio n , lac r im a to r  23, 91, 
164 

larynx 42 
LC50 94, 110
LD50 93, 220
le g (s )  22, 23, 35 
le s io n s  24, 62, 96, 106, 108, 

110, 176
leukemia 80, 81, 106, 126, 127, 

130, 156 
leukocyte(s)  21, 107 
leukocytic  91 
leukopenia 46, 49 
limbs 22, 59 
l i p id ( s )  60, 111
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l i s t l e s s n e s s  26, 92, 121, 150 
l i v e r  1, 3, 15, 16, 21, 22, 23,

26, 36, 37, 43, 44, 45, 46, 50,
51, 53, 79, 91, 92, 93, 94, 95,
96, 97, 98, 100, 105, 106, 107,
108, 110, 111, 112, 118, 119,
120, 121, 124, 125, 130, 145,
150, 154, 157, 179, 181, 186,
190, 191

lung(s) 4, 5, 21, 41, 50, 74, 79, 
82, 83, 87, 88, 91, 92, 93, 95, 
106, 107, 108, 111, 119, 120,
123, 126, 127, 128, 130, 155, 179

lymph 21, 80
lymphatic 80, 81, 127, 130, 156, 

201
lymphocyte(s) 1, 38, 66, 67, 68, 

69, 70, 99, 120, 124, 125, 154, 
156, 182, 183, 186, 190 

lymphocytic 81 
lymphocytosis 49 
lymphoid 148
lymphoma(s) 80, 81, 107, 109,

127, 156 
lymphosarcoma 106, 126, 130

H
malaise 23, 34, 35, 121, 122,

129, 150
malformations, malformed 25, 101, 

104, 105, 126 
malignant 80, 81, 109, 156 
mandelic (ac id )  3, 24, 33, 37,

39, 46, 51, 52, 53, 59, 60, 63,
64, 65, 66, 67, 69, 70, 72, 75,
82, 83, 84, 85, 86, 87, 88, 89,
90, 97, 112, 113, 114, 115,
116, 117, 122, 128, 129, 130,
137, 138, 139, 140, 142, 143,
144, 145, 152, 153, 154, 177,
179, 181, 184, 194, 195, 200,
214, 215, 216, 217, 218

marrow 24, 98, 100, 101, 105,
125, 186, 187 

maximal (m id-exp ira tory  f lo w -ra te )  
30, 58

metabolic 46, 86, 90, 97, 98, 99, 
100, 124

metabolism 70, 00 83, 110,
113, 114, 116, 117, 118, 121
125, 129, 144, 155, 170, 178
179, 181, 183, 184, 185, 186
188, 189, 190, 195

m etabo lite 3, 40, 85, 96 , 97113, 116, 117, 120, 121, 128
137, 144, 178, 185, 186, 189
190, 214

m etabo lites 82 , 86, GO 90,
113, 114, 115, 116, 117, 118
128, 129, 143, 144, 178, 186
189, 190, 194

m etabolized, m etaboliz ing 90
101, 110, 120, 121, 191

methanol 17, 23, 59, 131, 233, 234 
mice 94, 98, 100, 104, 106, 107, 

108, 109, 110, 118, 120, 125,
126, 127, 128, 129, 187, 188

Mira ( t e s t )  65
m iscarried  76 
MMEF (maximal m ed-expiratory 

f lo w -ra te )  30, 58 
monkeys 90, 92, 93, 124
monomer 18, 19, 36, 48, 79, 147,

159, 160, 162, 175, 189, 195,
196, 197, 228, 233, 236

mononeuropathy 63, 153 
m orbidity 36, 38, 43, 44, 177,

182
m o rta l i ty  37, 79, 80, 81, 91, 92, 

96, 102, 103, 105, 106, 107, 108, 
126, 127, 130, 156, 174, 177,
178, 201 

mouse 98, 107, 118, 120, 128 
mouth 4, 35, 58, 83, 210 
mucosal, mucous 26, 42, 44, 55,

152
muscle(s) 22, 23, 58, 62, 118 
mutagen 97, 120, 125, 185 
mutagenic 96, 97, 98, 101, 120, 

121, 124, 130, 154, 155, 183,
185, 190

m utagenicity 90, 96, 97, 98, 99, 
120, 121, 124, 125, 146, 154,
155, 157, 177, 185, 186 

mutations 96, 97, 98, 99, 100,
101, 120, 125, 129, 136, 155, 186
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N
n arco s is  21, 32, 35 
n asa l 23, 26, 27, 28, 42, 58, 83, 

91, 150, 170 
nasopharynx 50, 152 
nausea, nauseated 1, 28, 34, 35,

48, 49, 56, 58, 64, 78, 121, 129, 
150, 151, 156

n e c ro s is ,  n e c ro t ic  93, 106, 107, 108, 168
N eisser  ( l e t t e r  search t e s t )  74, 75
neoplasms 80, 81, 108, 156 
nephropathy 45
nerve 22, 23, 24, 40, 41, 48, 52, 

63, 64, 95, 122, 153 
nervous 1, 3, 15, 22, 23, 32, 35, 

40, 48, 52, 55, 60, 63, 92, 95, 
121, 122, 145, 150, 153, 176,
179, 181, 182, 188 

neuras then ic  (syndrome) 48, 52 
n e u r i t i s  22, 41, 129, 176 
neurogenic 108, 176 
n e u ro lo g ic (a l)  22, 46, 47, 48,

49, 51, 52, 61, 69, 74, 153, 180 
neuropathy 1, 23, 62, 64, 122,

152, 153, 157 
neurophysio logica l 62, 63, 181 
neuropsychological 26 
neurorad io log ic  26 
n e u ro tic  ( t ro u b le s )  60 
neutropenia  49 
n i t ro s ty re n e  108 
nodes 21
nose 4, 5, 21, 27, 30, 34, 35,

42, 51, 57, 58, 59, 64, 74, 83, 
91, 92, 93, 94, 123, 129, 147, 
150, 151, 152 

nosebleeds 42 
numbness 22, 23, 51 
nystagmus 35, 60, 153

0
ocular 93, 176
odor 16, 21, 28, 147, 172, 175, 

220
ophthalm ologic(al) 22, 41, 59, 96 
o p tic  ( n e u r i t i s )  41 
op tok ine t ic  35, 122

P
pain 22, 44, 45, 48, 55, 57, 59, 

151, 221 
p a lp i t a t io n  59 
pancreas 79, 112 
papillomas 109, 110
p a re s th e s ia  23, 62
PEFR (peak e x p ira to ry  f lo w -ra te )

30
percu taneous(ly )  87, 88, 145, 156, 

184, 215 
p e r ib ro n c h ia l  ( t i s s u e )  95 
p e r ip h e ra l  1, 15, 22, 23, 63, 66, 

68, 69, 70, 95, 122, 150, 152,
153, 157

peroneal 22, 40, 41, 63, 122, 153 
pharyngeal (congestion) 22 
pharynx 42
phenylglyoxylic  (ac id )  72, 75,

82, 83, 85, 86, 87, 88, 89, 90,
97, 112, 113, 114, 115, 117, 128, 
129, 130, 137, 138, 139, 140,
142, 143, 144, 177, 178, 181,
184, 194, 195, 200, 214 

p lacen ta ,  p la c e n ta l  101, 125,
126, 155 

plethysmography 69 
pneumoencephalography 26 
pneumonia 92, 106, 126 
polyneuropathy 26, 62, 63, 64, 153 
polystyrene  16, 18, 19, 22,

36, 37, 38, 39, 41, 42, 43, 44,
45, 62, 79, 80, 122, 123, 124,
127, 133, 152, 153, 163, 164,
173, 174, 175, 176, 177, 179,
201, 205, 227, 228, 229, 233, 234

pregnancy(ies) 25, 45, 69, 76,
77, 78, 103, 104, 107, 108, ,
155, 126, 145 

pregnant 102, 103, 104, 105, 106, 
107

p ren a rc o tic  7, 35, 40, 158 
prothrombin ( r a t i o )  61 
psychasthenia  129 
psycholog ical 62, 63, 64, 65, 66, 

177, 182
psychomotor 30, 31, 64, 65, 72,

74, 75, 79, 150, 179 
pulmonary 1, 15, 23, 30, 58, 60, 

72, 74, 83, 84, 85, 123, 144,
150, 154, 157, 183
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p u p il la ry  49 
pup ils  60, 153

r a b b i t ( s )  90, 92, 93, 104, 105, 
113, 117, 119, 120, 124, 126,
129, 168, 169, 187, 189 

ra le s  58
rash (es )  51, 57, 58, 74, 123 
r a t ( s )  90, 91, 92, 93, 94, 95,

96, 97, 98, 100, 101, 102, 103,
104, 105, 106, 107, 108, 109,
110, 111, 112, 113, 114, 115,
116, 117, 118, 119, 120, 121,
124, 125, 126, 127, 128, 129,
130, 148, 155, 185, 186, 187,
188, 189, 190, 191

RBC (red  blood c e l l  count) 24,
49, 94, 102, 103

re f le x e s  22, 23, 24, 40, 48, 49,50, 52, 59, 60, 62, 153 
reproductive  4, 45, 74, 101, 104,

105, 125, 126, 150, 155 
r e s p i r a t io n  83, 136, 137
re s p i r a to ry  1, 2, 3, 6, 7, 8, 10,

11, 15, 25, 41, 42, 43, 44, 51, 
56, 57, 60, 78, 79, 80, 83, 85, 
88, 102, 113, 123, 127, 128, 129, 
130, 145, 150, 152, 153, 156,
158, 163, 164, 168, 169, 170,
179, 181, 200 

r e te n t io n  28, 32, 33, 39, 83, 86, 
88, 113, 119, 120, 128, 139, 183, 
209, 215 

r e t ic u lo c y te  28 
r e t i n a l  24, 129 
re t ro b u lb a r  ( n e u r i t i s )  22, 41, 

129, 176 
roentgenogram(s) 23, 38 
Reraberg ( t e s t )  27, 28, 29, 32,

48, 50, 52 
Rorschach ( in k b lo t  t e s t )  64

s a l iv a t io n  91
salmonella ( typhimurlum) 90, 96, 

97, 98, 124, 154, 186 
SAN ( s ty r e n e -a c r y lo n i t r i l e )  18, 

19, 41, 42, 227, 228, 233

SBR (s ty rene-b u tad iene  rubber)
16, 18, 19, 36, 173, 227, 228,
229, 233, 234 

SCE ( s i s t e r  chromatid exhanges)
68, 69, 70, 99, 100, 101, 125, 154 

sc ra tch ing  91 
sensory 62, 63, 122, 153 
serum 28, 38, 40, 45, 46, 51, 57, 

60, 61, 124, 145 
SG0T (serum g lu tam ic-oxa loace tic  

transaminase) 38, 40, 51 
SGPT (serum glutam ic-pyruvic  

transaminase 28, 38, 40, 45,
46, 51

s i s t e r  (chromatid exchanges) 1,
15, 68, 79, 99, 125, 154, 182,
186, 187

sk in  1, 3, 4 , 5, 6, 8, 12, 15,
19, 21, 23, 36, 49, 51, 57, 58,
60, 64, 74, 87, 88, 93, 123, 128, 
129, 130, 137, 144, 145, 147,
150, 156, 157, 161, 168, 169,
176, 179, 184, 191, 221 

s leep in ess  34, 35, 48, 121, 129, 
150, 151 

s o lu b i l i t y  17, 172, 220 
sp ina l  (cord) 111 
sp irom etr ic  41, 123, 153 
spleen 16, 21, 79, 94, 95, 106, 

119, 120
s t i l l b i r t h s ,  s t i l l b o r n  25, 69, 102 
stomach(s) 51, 79, 93, 95, 106, 

108, 110, 116, 117, 118, 126, 128 
stupor 91
s ty r e n e - a c r y lo n i t r i l e  (SAN) 18,

41, 227
sty rene-bu tad iene  16, 18, 173,

183, 201, 227, 228, 233 
s tyrene  oxide 69, 82, 96, 97, 98, 

99, 100, 101, 105, 109, 110, 111, 
112, 113 114, 115, 116, 117, 118, 
119, 120, 121, 124, 125, 128,
129, 136, 138, 145, 146, 155,
168, 185, 186, 187, 188, 189,
190, 191, 194, 195, 235

subcosta l (pain) 44
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TA ( s t r a in s  of S. typhimurium)90, 96, 97, 98, 99, 124 
ta s te  21, 26 
tearflow 55
tendon 23, 24, 40, 48, 49, 59, 153 
tense , tension  30, 55, 122, 166 
t e r a ta  104, 126, 136 
te ra to g e n e s is ,  te ra to g en ic ,  

t e ra to g e n ic i ty  104, 105, 126,
130, 145, 155, 157, 157 

te s te s  95 
t h i r s t  51
th ro a t ( s )  4, 26, 28, 30, 42, 43, 

50, 51, 57, 58, 59, 62, 74, 91, 
123, 150, 151, 152 

thrombocyte 38 
thrombosis 24, 129 
thyro id 58, 129
t i r e d ,  t i re d n e ss  51, 59, 62, 64, 65, 76, 151 
toluene 17, 23, 31, 38, 39, 56,

59, 79, 93, 116, 117, 122, 132, 
170, 172, 184, 189, 191, 195,
233, 234, 235 

tomography 26 
t o n s i l l i t i s  42 trembling 60, 153 
tremors 48, 60, 65, 91 
taattors 45, 79, 96, 106, 107, 108, 

109, 110, 128, 129, 130, 148, 155

T u rine  26, 27, 37, 39, 46, 53,
59, 60, 63, 67, 69, 70, 72, 75, 
82, 83, 85, 87, 89, 90, 110, 112, 
113, 114, 115, 116, 117, 120,
128, 129, 130, 137, 138, 139,
140, 142, 143, 144, 145, 177,
184, 194, 195, 204, 214, 215,
216, 217, 218

V
v e r t ig o  49
v isu a l  (evoked response) 29, 30, 

85, 121, 150
visuomotor 64, 65, 79
vomiting 49, 51, 58

W
WBC (white blood c e l l  count) 40, 94, 102
weakness 26, 48, 49, 58, 61, 91, 

122
wheezing 41, 51, 58, 123, 153

X
X-rays 69

Y
y e a s t ( s )  97, 98, 117, 124, 125 

154

U
um bilica l (cord) 24, 125, 155 
«•consciousness 66, 91 
unscheduled (DNA sy n th es is )  15, 

70, 9«, 124, 125, 154, 183 
» « s tead iness ,  unsteady 26, 48,50, 91, 150
u r ic  (ac id )  57, 124 
u r in a ly s i s  29, 54, 96, 181 
u r ina ry  3, 22, 28, 33, 39, 46,

51, 53, 59, 60, 63, 64, 65, 66, 
70, 75, 82, 83, 84, 85, 87, 88, 
89, 90, 114, 115, 116, 117, 122, 
130, 137, 138, 140, 142, 143, 
144, 152, 153, 154, 178, 179, 
184, 189, 194, 195, 214, 215
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